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tigation of heterogeneous swift
heavy ion tracks in stannate pyrochlore†

Eric C. O'Quinn, a Cameron L. Tracy, b William F. Cureton,a Ritesh Sachan, c

Joerg C. Neuefeind,d Christina Trautmannef and Maik K. Lang*a

Er2Sn2O7 pyrochlore was irradiated with swift heavy Au ions (2.2 GeV), and the induced structural

modifications were systematically examined using complementary characterization techniques including

transmission electron microscopy (TEM), X-ray diffraction (XRD), and neutron total scattering with pair

distribution function (PDF) analysis. Each technique probes different aspects and length scales of the

transformed material regions. TEM revealed a core–shell ion track structure—an amorphous core

surrounded by a disordered, anion-deficient fluorite shell—which was confirmed by XRD. Neutron total

scattering, with sensitivity to the oxygen sublattice, provided relative fractions of amorphous and

disordered fluorite phases and confirmed the presence of a defective pyrochlore phase, which largely

maintains its structural ordering but is clearly distinct from the pristine pyrochlore matrix. This defect-

rich pyrochlore phase forms a halo extending radially beyond the well-characterized core–shell track

morphology observed in electron micrographs. Despite their differing long-range periodicity, the short-

range structures of the amorphous, disordered, and defective pyrochlore phases are all modeled well

with a weberite-type configuration. Evolution of the phase fractions with increasing ion fluence was

examined to ascertain the phase-to-phase pathways that occur during primary and secondary ion

impact. This approach extends knowledge about the multi-scale response of stannate pyrochlores to

swift heavy ion irradiation in the electronic energy loss regime and improves existing track-overlap models.
1. Introduction

Complex oxide materials that adopt the pyrochlore structure
(A2B2O7 stoichiometry, 9 Å< a0 <12 Å) exhibit a wide variety of
exotic properties: for example, giant magnetoresistance,1

geometric frustration2 and spin ice states,3 oxygen ion conduc-
tivity,4 superconductivity,5 and exceptional radiation stability.6

This diversity results from the structure's compositional
accommodation of over 500 combinations of A- and B- site
cations.7 Belonging to isometric space group Fd3�m, the pyro-
chlore structure (Fig. 1a) can be imagined as a 2 � 2 � 2
superstructure of AO2 uorite subunits, containing two distinct
cation sites (16c, 16d), two distinct anion sites (48f, 8b), and an
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ordered anion vacancy (8a). The A-site cation is eight-
coordinated and resides in a distorted cubic coordination
polyhedron, while the B-site cation is six-coordinated and
occupies a distorted octahedron. Though the large unit cell (V0
>103 Å3) contains 88 atoms, the crystallography of any pyro-
chlore phase can be constrained fully by two structural degrees
of freedom:7 the unit cell parameter (a0) and the position of the
oxygen ion at Wyckoff equipoint 48f (x).

The structural stability of these compounds is strongly
linked to the ratio of the cationic radii, rA/rB, with the pyrochlore
structure preferred when 1.46( rA/rB (1.78.7 Above a ratio of
1.78, a monoclinic, perovskite-type structure is preferred; below
1.46, a cation-disordered, anion-decient uorite phase is the
most stable conguration. In compounds for which the ordered
pyrochlore structure is stable, extreme conditions (e.g., pres-
sure, temperature, and irradiation) may drive an order–disorder
transition to the disordered, anion-decient uorite structure
(Fig. 1b).8 This process is commonly depicted as randommixing
of A and B type cations on the cation sublattice, randommixing
of anions and vacant sites on the anion sublattice, and a corre-
sponding reduction in the periodicity of the structure by a factor
of two.9 Recent studies,10–13 however, have shown that the local,
atomic-scale conguration of disordered pyrochlores is better
represented by an orthorhombic, weberite-type14,15 arrangement
(Fig. 1c) instead of a disordered uorite structure. While
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Atomic arrangement for a single unit cell in the (a) ordered, fluorite-derivative pyrochlore unit cell (Fd3�m) and its structural relationship to
the (b) disordered, defect fluorite unit cell (Fm3�m) and the (c) partially-ordered, weberite-type unit cell (C2221). The basis vectors for (a) and (b)
correspond to the isometric pyrochlore and defect fluorite arrangements while the basis vectors for (c) correspond to the orthorhombic
weberite-type arrangement. Green spheres represent Er3+, purple spheres Sn4+, and red spheres O�2. In the defect fluorite and weberite-type
phases, cation disorder is represented by spheres filled with two colors. The partially filled red spheres in the defect fluorite phase represent the
random distribution of vacant oxygen sites on the anion sublattice.
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ordered pyrochlore, disordered uorite, and weberite-type
(Fig. 1) are all derivatives of the parent ideal uorite structure,
each phase has distinct short-range polyhedral congurations.

Among their various applications, pyrochlore oxides have
been proposed as durable matrices for the incorporation and
immobilization of nuclear wastes. These waste-form materials
must be structurally tolerant of self-irradiation from radiolog-
ical decay of the immobilized actinides.8 Insulating materials,
like the pyrochlore oxides, can exhibit a variety of responses to
energetic ion irradiation. The pyrochlore Gd2Ti2O7, for
instance, has been shown to undergo a crystalline-to-
amorphous transition when doped with 244Cm, which
undergoes alpha-decay to emit 1.452 MeV u�1 alpha particles.16

The alpha-decay process of most actinides results in 1.0–1.5
MeV u�1 alpha particles, alongside relatively heavy, low-energy
recoil nuclei (less than 1 keV u�1).17

Many studies have simulated the response of the pyrochlore
structure to alpha-decay recoil nuclei, which deposit energy to
a material predominately by ballistic collisions with other
nuclei in the lattice, using heavy ion irradiation at keV–MeV
energies.9,18–21 By contrast, ions with kinetic energy greater than
1 MeV u�1, such as alpha particles, ssion fragments, and swi
heavy ions deposit energy by electronic excitation of the target
material. The deposited energy is transferred to the material via
electron-phonon coupling, typically producing a heated
(possibly molten) cylindrical region around the ion trajectory in
insulating materials. This heating event occurs within a few
nanometers of the ion path and lasts for about 100 fs, during
which the material is driven far from equilibrium.13 This event
is followed by a rapid cooling stage in which material modi-
cations are quenched-in, leaving behind a cylindrical ion track
of modied material.22,23 During this quenching phase, recrys-
tallization may occur at the interface between the molten track
core and the surrounding crystalline matrix.24 In some pyro-
chlore oxides, electronic excitation induced by swi heavy ion
irradiation creates tracks with distinct, concentric damage
zones22,23 (i) an amorphous core closest to the ion trajectory; (ii)
This journal is © The Royal Society of Chemistry 2021
a surrounding disordered, anion-decient uorite shell; and
(iii) a halo of defect-rich pyrochlore extending farthest outward
from the ion path. Interestingly, these three damage zones even
appear in ion tracks of pyrochlore materials known to fully
amorphize when exposed to high uences of swi heavy ions,
such as the titanate pyrochlores (e.g., Gd2Ti2O7).25 This implies
that some sample regions are initially transformed into disor-
dered uorite or defective pyrochlore, then amorphized upon
subsequent ion impact.

Prior work has sought to quantitatively model these trans-
formation pathways. The heterogeneous track overlap model
(HTOM) developed by Sattonnay et al.26 accounts for trans-
formations between pyrochlore, disordered uorite, and
amorphous phases. This model not only reproduced ion-
induced phase transformations in amorphizable titanate pyro-
chlores, but also in zirconate pyrochlores (e.g., Gd2Zr2O7), which
predominately underwent an order–disorder transformation to
the disordered uorite phase when exposed to 120 MeV U ions.
Tracy et al.13 introduced an alternative damage accumulation
model to account for the complex morphology of swi heavy ion
tracks (2.2 GeV Au ions) in stannate pyrochlores (e.g.,
Gd2Sn2O7). For A2Sn2O7 pyrochlores with larger A-site cations,
complete amorphization was induced, while partial amorph-
ization was observed for stannate pyrochlores with smaller A-
site cations, even at high ion uences where extensive track
overlap occurs. It was concluded that partial epitaxial recrys-
tallization of amorphous material to disordered uorite must
be considered to accurately model damage accumulation from
swi heavy ions and to explain irradiation-induced amorph-
ization that saturates below 100%. Neither model, however,
accounts for the halo of defective pyrochlore observed directly
with high-resolution electron microscopy23 and indirectly with
coupled X-ray diffraction and Raman spectroscopy.22

The relative size of ion-induced damage zones and the nal
structural response to prolonged ion exposure to very high u-
ences are governed primarily by chemical composition of the
pyrochlore compound. Specically, the radiation response was
J. Mater. Chem. A, 2021, 9, 16982–16997 | 16983
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previously linked to the ratio of the cationic radii, rA/rB.22,27,28 As
this ratio becomes smaller, the cation antisite defect energy, the
basis for an order–disorder transformation, decreases. This can
be seen in the contrasting radiation response of Er2Ti2O7 and
Er2Zr2O7. The latter (rA/rB ¼ 1.39 (ref. 29)), which forms
a disordered uorite phase during synthesis with pre-existing
structural disordering of cation and anion sublattices,
exhibits no apparent radiation-induced amorphization.30

Conversely, fully ordered Er2Ti2O7 pyrochlore (rA/rB ¼ 1.66) can
be readily amorphized by swi heavy ion irradiation.31 Based
solely on rA/rB, it would be expected that Er2Sn2O7 (rA/rB ¼ 1.46)
would exhibit an irradiation response intermediate to those of
its titanate and zirconate counterparts. However, the nature of
chemical bonding may also inuence the interatomic forces
controlling track formation and relaxation processes, the
recrystallization at the track-matrix interface,32 and, thus, the
detailed morphology of the induced damage zones. Materials
with a high degree of short-range covalent bonding might allow
for structural stabilization in different energy minima during
ion exposure while systems with largely ionic bonding will be
driven by the need to neutralize electrostatic charges via long-
range ordering.33 With an electronegativity of the Sn cation
(1.96 in Pauling units) that is much higher than those of Zr
(1.33) and Ti (1.54),34 there may be an additional inuence of
the strong covalent network of Sn–O–Sn chains35 on the radia-
tion response of Er2Sn2O7 beyond what is expected based only
on the rA/rB ratio.

In this paper, we elucidate the phase transformation path-
ways that a stannate pyrochlore undergoes during swi heavy
ion irradiation over all material length scales. We present
a systematic characterization of the response of Er2Sn2O7 to 2.2
GeV Au ion irradiation using state-of-the-art complementary
analytical techniques. Analysis of short- and long-range struc-
tural modications, on both the cation and oxygen sublattices,
yielded quantitative information on ion-induced phase
changes. The evolution of different phases was analyzed with
increasing uence using available damage accumulation
models to gain further insight into the complex morphology of
ion tracks in Er2Sn2O7 pyrochlore with quantitative information
on cross sectional areas of individual damage zones. Based on
neutron total scattering experiments, we develop a new model
of phase accumulation in irradiated pyrochlores that accounts
for the formation of a defective pyrochlore “halo”.

2. Experimental methods
2.1. Synthesis and swi heavy ion irradiation

Polycrystalline samples of Er2Sn2O7 were synthesized by mixing
constituent oxides Er2O3 and SnO2 in the proper stoichiometric
ratios. Aer being pressed into pellets and red for 20 hours at
1200 �C, the powders were reground, repressed, and red again
for 24 hours at 1400 �C. The resulting pellets were reground into
a powder with an average grain size of �1 mm. Samples were
prepared for ion irradiation using two different procedures
depending on the subsequent characterization technique. For
neutron scattering experiments, which require relatively large
sample volumes, the powder was compacted using a hydraulic
16984 | J. Mater. Chem. A, 2021, 9, 16982–16997
press to a pressure of 25 MPa into 75 mm deep, 1 cm diameter
cylindrical indentations that were machined into thin
aluminum plates. These sample holders were then wrapped in 7
mm thick aluminum foil. Four holders were mounted on a 5 cm
� 5 cm aluminum plate for a given ion uence as described in
detail elsewhere.36,37 For X-ray diffraction and electron micros-
copy measurements, small Er2Sn2O7 wafers of a few mm in
diameter were pressed on a die with a hydraulic press using
a pressure of 25 MPa, and subsequently xed onto 1 cm2

aluminum support plates.13

The sample thickness was limited to 70 mm in the custom
aluminum holders (for neutron measurements) and to 40 mm
for the wafers (for X-ray and electron measurements). These
maximum thicknesses were chosen according to energy loss
calculations using the SRIM code,38 in order to isolate the
effects of electronic energy loss and to exclude the nuclear
collisions that occur close to the end of the ion path. Employing
a sample density correction factor introduced by Lang et al.,39

the density of each sample in the SRIM calculations was
assumed to be 60% of the theoretical density of Er2Sn2O7

(8.19 g cm�3) which represents the powder packing density
typically achieved under cold pressing.40 Use of this formulation
ensured that the ions (projected range of 90 mm) completely
penetrated each sample with negligible nuclear energy loss.
Irradiation of all samples was performed with 2.2 GeV Au ions at
the beamline X0 of the UNILAC accelerator, at the GSI Helm-
holtz Centre for Heavy Ion Research in Darmstadt, Germany. A
broadly defocused beam with a ux of �109 ions per sec cm2

was used to irradiate samples at room temperature to uences
of 3 � 1011, 6 � 1011, 7 � 1011, 2 � 1012, 4 � 1012, 5 � 1012, and
8 � 1012 ions per cm2. The Au ions induced a mean energy loss,
dE/dx, in the 40 mm thin sample wafers of 48(1) keV nm�1 (for X-
ray diffraction and electron microscopy) and of 47(2) keV nm�1

in the 70 mm thin samples pressed into aluminum holders (for
neutron scattering) with the uncertainty describing the varia-
tion of dE/dx along the ion path within the samples.
2.2. Transmission electron microscopy (TEM) and X-ray
diffraction (XRD) characterization

A small piece of the sample wafer irradiated to a uence of 3 �
1011 ions per cm2 was crushed into a ne powder between two
glass slides and subsequently deposited onto a holey-carbon
TEM grid. Electron microscopy was used to analyze indi-
vidual, non-overlapping ion tracks. The sample was oriented
such that the electron beam was parallel to the trajectory of the
swi heavy ions, allowing for imaging of the track cross-section.
High-resolution images of multiple tracks were collected using
high-angle annular dark eld (HAADF) imaging in a 5th order
aberration corrected scanning transmission electron micro-
scope (STEM) (Nion UltraSTEM 200) operating at 200 kV. An
electron probe with 28 � 2 pA current was used in the
experiment.

XRD measurements were performed on sample wafers irra-
diated to 6 � 1011, 2 � 1012, 5 � 1012 and 8 � 1012 ions per cm2,
as well as an unirradiated reference sample at the beamline B2
of the Cornell High Energy Synchrotron Source (CHESS). The
This journal is © The Royal Society of Chemistry 2021
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Table 1 Summary of structural parameters used for Rietveld and
small-box refinement. Free positional parameters are in boldface

Wyckoff equipoint (C.N.) Occupancy x y z

Pyrochlore (Fd3�m)
16d Er 0.5 0.5 0.5
16c Sn 0.0 0.0 0.0
48f O 0.338 0.125 0.125
8b O 0.125 0.125 0.125
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wafers were xed to the edge of a stripe of tape and analyzed in
transmission mode (at a sample location uncovered by the tape)
using a 1 mm2 monoenergetic 25 keV X-ray beam (l ¼ 0.496 Å)
with exposure times of ve minutes. Debye diffraction rings
were recorded with a Mar CCD detector, and integrated two-
dimensional patterns were produced with the soware FIT 2d
using a CeO2 calibrant.41 Patterns collected from different
samples were compared by normalizing the intensity of each to
the same (strongest) diffraction maximum.
Defect uorite (Fm3�m)
4a Er0.5Sn0.5 0.0 0.0 0.0
8c O 0.25 0.25 0.25

Weberite-type (C2221, setting 1)
4b Sn 0.000 0.0 0.250
8c Er0.5Sn0.5 0.250 0.250 0.000
4b Er 0.000 0.500 0.250
8c O 0.166 0.061 0.147
8c O 0.120 0.744 0.251
4a O 0.121 0.500 0.000
4a O 0.123 0.500 0.500
4a O 0.131 0.000 0.000
2.3. Neutron total scattering characterization

Neutron total scattering experiments were performed at the
Nanoscale-Ordered Materials Diffractometer (NOMAD)42 at the
Spallation Neutron Source (SNS) at Oak Ridge National Labo-
ratory. Between 75–100 mg of each sample (7 � 1011, 2 � 1012, 4
� 1012, and 8 � 1012 ions per cm2) was recovered from the
custom aluminum holders by scraping with a blunt needle. The
material from all 4 holders irradiated to a given uence was
combined, ground into a ne powder, andmeasured at ambient
conditions along with an unirradiated reference sample for
about 100 minutes in 2 mm diameter quartz capillaries with
a wall thickness of 0.01 mm. Scattering measurements were
performed on diamond powder to calibrate the six time-of-ight
detectors. Additionally, 60 minutes measurements were
collected from a solid vanadium rod and an empty 2 mm quartz
capillary. Neutron total scattering structure functions, S(Q),
were obtained by normalizing the background-subtracted scat-
tering intensity to the scattering intensity from the vanadium
rod (additional details can be found elsewhere43,44). The struc-
ture functions were then multiplied by a Lorch function45 to
dampen data noise at high Q. The structure function was cor-
rected for unphysical curvature with the use of a Fourier lter.
Finally, the reduced pair distribution function G(r) was ob-
tained, using the STOG program,46 by a Fourier transform in Q:

GðrÞ ¼ 2

p

ð
Q½SðQÞ � 1�sinðQrÞdQ (1)

where the limits of integration were Qmin ¼ 0.2 Å�1 and Qmax ¼
25.0 Å�1. The integrated term Q[S(Q) � 1] is also known as the
“reduced structure function” or F(Q).

The GSAS47 soware package was used to rene neutron
diffraction patterns from NOMAD banks 2–5. The structural
parameters for the pyrochlore and disordered uorite models
used are summarized in Table 1. Additional rened parameters
include arbitrary scale factors, sample absorption factor, the x
position of the 48f oxygen atom (pyrochlore), atomic displace-
ment parameters (ADPs) for each Wyckoff equipoint, and a 10
term Chebyshev series as the background. All diffraction
pattern renements resulted in total Rwp (goodness-of-t) values
lower than 6.2%. Local structure models were obtained from
real-space small-box renement of the PDFs using PDFgui.48 For
small-box characterization, a parameter (“delta1”) was rened
to account for locally correlated atomic motion. To keep the
number of renable parameters to a minimum, isotropic ADPs
were assigned to each Wyckoff equipoint and the same ADP was
used for all three 4a oxygen sites in the C2221 weberite-type
This journal is © The Royal Society of Chemistry 2021
model. All small-box renements yielded Rwp values lower
than 11.0%.

To determine the relative fraction of the radiation-induced
amorphous phase present at each uence, the signal in the
neutron total scattering structure functions, S(Q), was decon-
voluted into contributions from diffuse scattering bands (from
the amorphous phase) and diffraction peaks (from the crystal-
line phases) using the method developed by Lang et al.28 The
amorphous fraction at each uence was calculated as the ratio
of the integrated intensity of the rst-order amorphous band to
the total integrated intensity over the same range in Q-space
including the crystalline Bragg peaks. Peak analysis was per-
formed with OriginPro 2018.49 While this technique has previ-
ously been utilized exclusively for X-ray diffraction data, it is
also applicable to neutron total scattering data, as the signal
corresponding to diffuse scattering by the amorphous phase is
not subtracted with the background in the earlier data
processing.
3. Results
3.1. Transmission electron microscopy

Individual ion tracks were observed by HAADF/STEM imaging
of Er2Sn2O7 irradiated to the lowest uence of 3 � 1011 ions per
cm2 (Fig. 2a). Spatially separated tracks are indicated by circular
regions of modied contrast, with respect to the surrounding
unirradiated material. As has been observed for other tita-
nate22,50,51 and stannate13 pyrochlore compositions, the internal
structure of ion tracks shows a complex morphology (Fig. 2b)
under high-resolution TEM imaging, consisting of an amor-
phous core (dark contrast) surrounded by a crystalline shell
(lighter contrast) and a bright halo region. For previously
studied pyrochlore compositions the shell was identied as
a disordered, defect-uorite phase and the halo was explained
J. Mater. Chem. A, 2021, 9, 16982–16997 | 16985
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Fig. 2 HAADF/STEM images of 2.2 GeV Au tracks in Er2Sn2O7. (a) Bright field image at lower magnification showing individual ion tracks (dark
contrast) and (b) high-resolution image revealing that an individual ion track consists of an amorphous core and a crystalline shell, surrounded by
a bright contrast region that can be attributed to a defect-rich pyrochlore halo.
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by strain from a defective pyrochlore region.52–54 The diameter of
the innermost amorphous core was determined from high-
resolution images to be 3.2(2) nm, based on the measurement
of ve ion tracks along various radial directions (cross-sectional
regions are not fully circular). The overall extension of the
second damage zone from the track center to the edge of the
shell (region of intermediate contrast between amorphous core
and bright halo) was determined as 7.2(3) nm, and the diameter
of the outermost bright halo (track center to edge of halo) was
approximated to be 12.6(5) nm.
Fig. 3 X-ray diffraction patterns (1.75 Å�1< Q <5.25 Å�1) of Er2Sn2O7

before and after irradiation with 2.2 GeV Au ions as a function of
increasing fluence. All Bragg peaks have been normalized to the same
maximum intensity. The prominent diffraction maxima of the pyro-
chlore structure are indexed for the XRD pattern of the pristine sample,
and the fluence values are given in number of ions per cm2.
3.2. X-ray diffraction

The synchrotron XRD pattern of the pristine sample reveals
a highly crystalline starting material with diffraction maxima
indexed unambiguously as pyrochlore (Fig. 3). Themost intense
Bragg peak, near 2.0 Å�1, is the (222)PY pyrochlore phase peak.
The (133)PY pyrochlore superstructure peak, present in ordered
pyrochlore but absent in disordered defect uorite, is clearly
visible around 2.6 Å�1. Increasing the applied ion uence leads
to attenuation of the (133)PY peak along with other peaks with
odd Miller indices (all of which are pyrochlore superstructure
peaks), while diffraction maxima with even Miller indices (e.g.,
(222)PY) undergo a gradual broadening. The decrease in inten-
sity of the pyrochlore superstructure peaks with increasing
uence is explained by an order–disorder transformation to
a disordered uorite phase.55 Peak broadening in oxides irra-
diated with swi heavy ions, as occurs in the remaining peaks,
is typically attributed to the accumulation of microstrain
accompanying defect production.56,57 Irradiation-induced frag-
mentation and reduction of grain size can be neglected at the
uence range used in this study. At the highest uence used in
this study (8 � 1012 ions per cm2), a broad diffuse scattering
background is apparent beneath the most intense diffraction
maximum (1.9 Å�1 to 2.5 Å�1). Diffuse scattering is indicative of
an atomic arrangement that lacks coherency over longer length
scales, such as an amorphous phase. While the X-ray data were
not further analyzed to extract phase fractions (neutron data
was used for this purpose), radiation-induced structural
changes evidenced by XRD agree well the track morphology
16986 | J. Mater. Chem. A, 2021, 9, 16982–16997
seen in the TEM images and with the ndings of previous
work.13 Swi heavy ion irradiation of Er2Sn2O7 pyrochlore cau-
ses the buildup of defects, a transformation to the defect-
uorite structure, and the formation of an amorphous phase.
3.3. Neutron total scattering – long-range structural analysis

In agreement with the XRD results, the neutron diffraction
pattern of the unirradiated sample is consistent with a single-
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Neutron total scattering structure functions S(Q) of Er2Sn2O7 before and after irradiation with 2.2 GeV Au ions as a function of increasing
fluence. Patterns are stacked (a) from 1.75 Å�1<Q <5.80 Å�1 and (b) from 1.75 Å�1<Q <6.60 Å�1 with a tighter spacing between patterns to more
easily see the diffuse scattering contributions. The prominent maxima of the pyrochlore structure are indexed at for the diffraction pattern of the
pristine sample, and the fluence values are given in number of ions per cm2.
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phase fully ordered pyrochlore (Fig. 4a). Rietveld renement of
the neutron diffraction pattern yields a unit-cell parameter of
10.3625(2) Å and an oxygen position parameter (x48f) of
0.33725(6). The irradiation-induced diffuse scattering increases
over a broad range in reciprocal space with increasing uence
(Fig. 4b) beneath and between the Bragg peaks and is already
detectable aer irradiation to 7 � 1011 ions per cm2. The diffuse
scattering is more pronounced in the neutron diffraction data
as compared to XRD which can be explained by the higher
sensitivity of neutron scattering to the oxygen sublattice. Peak
deconvolution over a Q-space from 2.25 Å�1 to 3.75 Å�1 (the
region of the rst-order amorphous diffuse scattering band)
could be directly applied to the structure functions to determine
the amorphous sample fraction for each uence following the
procedure outlined in.28 This analysis showed that the amor-
phous phase fraction reaches 28(4)% aer irradiation to the
maximum uence of 8 � 1012 ions per cm2 and the results for
all uences are summarized in Table 2. The intensity of the
pyrochlore superstructure Bragg peaks (odd Miller indices)
signicantly decreases with increasing ion uence and only low-
intensity peaks remain at 8 � 1012 ions per cm2 (Fig. 4b). This
intensity reduction is accompanied by a pronounced peak
Table 2 Phase fractions extracted from peak deconvolution (amorphou
dered fluorite, defective pyrochlore, and pristine pyrochlore and 1.5–15 Å
defective pyrochlore phase increased from 0.7(3)% at 7 � 1011 ions per
exposure to 4 � 1012 ions per cm2

Fluence (ions
per cm2) Amorphous Disordered uorite

Pristine 0 0
7 � 1011 0.12(1) 0.32(9)
2 � 1012 0.20(1) 0.54(5)
4 � 1012 0.25(1) 0.61(6)
8 � 1012 0.28(4) 0.55(9)

This journal is © The Royal Society of Chemistry 2021
broadening. In agreement with the XRD results, Bragg peaks
with even Miller indices decrease also in intensity and broaden
over the entire uence range. As is the case for X-ray diffraction,
the close structural similarity of the pyrochlore and disordered
uorite diffraction patterns make reliable quantication of the
two crystalline phases difficult using long-range data, particu-
larly with an increasing background of diffuse scattering.
3.4. Neutron pair distribution function analysis –
intermediate-range structural analysis

Neutron PDF analysis was utilized to characterize the effects of
ion irradiation on the short- (1.5–15 Å) and intermediate-range
(15–50 Å) structure. Peaks in the PDF arise from atom–atom
correlations of mean distance r. The area of a peak is propor-
tional to the number of atomic pairs found at that distance (i.e.,
coordination number) and the shape and width provide insight
into structural disorder. The PDF of the unirradiated sample
conrms the presence of pair correlations associated with
a fully locally ordered pyrochlore structure (Fig. 5) in agreement
with the long-range data (X-ray and neutron diffraction). The
low Rw value conrms the excellent agreement between experi-
mental data and structural model with no evidence of any
s) and small-box refinement of neutron PDF data (15–50 Å for disor-
for the weberite-type configuration). The swelling of the unit cell in the
cm2 to 1.3(4)% at 2 � 1012 ions per cm2 and saturated at 2.0(4)% after

Defective
pyrochlore Pristine pyrochlore

Weberite-type
conguration

0 1 0
0.10(11) 0.46(8) 0.51(4)
0.06(6) 0.20(2) 0.78(4)
0.07(5) 0.07(1) 0.93(4)
0.08(6) 0.08(2) 0.92(4)

J. Mater. Chem. A, 2021, 9, 16982–16997 | 16987
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Fig. 5 Neutron PDF obtained for unirradiated Er2Sn2O7 pyrochlore
(black circles) with small-box refinement fit (red line) and the differ-
ence between the two (blue line). The structural model of ideal
pyrochlore (Fd3�m) describes the experimental data well over the
short- and intermediate range as indicated by a goodness-of-fit
parameter (Rw) of 8.3%.
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impurity phases. Ordered pyrochlore and disordered uorite
exhibit closely-related diffraction patterns with Bragg peaks at
very similar, or even identical, positions in Q-space, but each
phase exhibits distinct distributions of pair correlations in r-
space (1.5–50 Å). Amorphous materials, by denition, do not
exhibit long-range structural periodicity and their atomic
correlations only contribute to the short-range structure (r <15
Å). Thus, radiation-induced disordering to uorite is unam-
biguously identied by neutron PDF analysis of the interme-
diate r-range (15–50 Å) with distinct peaks for ordered
pyrochlore and disordered uorite and no contribution from
the amorphous phase.

Based on XRD (Fig. 3) and neutron diffraction (Fig. 4) data,
irradiation to a uence of 7 � 1011 ions per cm2 leaves most of
the sample unchanged from its initial pyrochlore phase. Thus,
the pyrochlore phase with structural parameters (e.g., unit cell
parameter, x48f position) corresponding to the pristine pyro-
chlore structure was the major component in the PDF small-box
renement of the intermediate range structure together with
the disordered uorite phase (Fig. 6a); however, the overall t to
the data was improved by minor adjustments of structural
parameters of the pyrochlore phase (e.g., unit cell parameter,
48f oxygen position). This conrms that a defective but ordered
pyrochlore phase is present in addition to the pristine pyro-
chlore matrix, that forms upon swi heavy ion irradiation. The
renement procedure revealed that in the defective pyrochlore
phase, both cations and 8b oxygen anions are still ordered on
their respective Wyckoff equipoints, but some of the 48f oxygen
anions have been displaced to the previously vacant 8a sites.
These displacements and the induced oxygen Frenkel defects
can explain the observed swelling of the unit cell by 0.7(3)%.
This detailed analysis of intermediate range neutron PDF data
16988 | J. Mater. Chem. A, 2021, 9, 16982–16997
conrms the existence of the previously reported defective
pyrochlore phase based on TEM, Raman spectroscopy, and XRD
measurements,22 and explains the contrast variation in the ion
track halo surrounding the defect-uorite shell in the high-
resolution TEM image (Fig. 2b).

For detailed quantitative analysis, the PDFs of all irradiated
samples were rened over the intermediate-range (15–50 Å)
with three distinct crystalline phases (Fig. 6): (i) pristine pyro-
chlore, (ii) disordered uorite, and (iii) irradiation-modied,
defective pyrochlore. Phase fractions were obtained at each
uence based on small-box renements (Table 2), and the
rened structural parameters were used to simulate an indi-
vidual PDF for each phase from 0.1–100 Å. These simulated
PDFs were then Fourier transformed to generate the corre-
sponding reduced structure functions for each phase. This
procedure was performed for the maximum uence (Fig. 7) to
compare and contrast the individual crystalline phases and
qualitatively describe their contributions to the experimental
structure function (long-range data), particularly the defective
pyrochlore phase with only subtle modications. A comparison
of the pyrochlore structure functions of defective (blue) and
pristine (red) phases reveals that irradiation causes a reduced
peak intensity at higher Q values (indicative of disorder) and
peak shis to lower Q values (unit-cell expansion). These
changes are obscured in the experimental structure function
due to the disordering to uorite and the amorphization
process.

The simulated combined structure function of all three
crystalline phases (Fig. 7b) was then subtracted from the
experimental structure function (Fig. 7a) to isolate the contri-
bution of the amorphous phase (green) and to analyze struc-
tural features that are present beyond the diffuse scattering
band. The amorphous phase is characterized by an intense
diffuse scattering band between 2.25 Å�1 and 3.75 Å�1 (Fig. 7b).
The peak-like feature at 4.0 Å�1, which is in close proximity to
the (113)uorite/(226)pyrochlore Bragg peak, may result from
incomplete subtraction of the crystalline contributions.
However, since the most intense Bragg peak (3.5 Å�1) is absent
in the amorphous structure function, the relatively sharp peak
at 4.0 Å�1 could also indicate atomic ordering within the
amorphous phase that persists to the long-range structure.

The evolution of all phases extracted from small-box rene-
ments of PDFs from 15–50 Å (pristine pyrochlore, defective
pyrochlore, and disordered uorite) as well as reciprocal-space
peak deconvolution (amorphous) are shown in Fig. 8 as a func-
tion of increasing ion uence. The disordered uorite phase is
the highest radiation-induced phase fraction at each ion uence
but appears to saturate or even decrease slightly beyond irra-
diation to 4 � 1012 ions per cm2, while the amorphous phase
fraction increases across the entire uence range studied. The
modied, defective pyrochlore exhibits the smallest phase
fraction, increasing initially with ion uence and saturating at
higher uences where ion tracks begin to extensively overlap.
The pristine (unmodied) pyrochlore phase decreases distinctly
with ion irradiation but saturates at 8% at the maximum u-
ence (Table 2). This means that about 8% of the sample volume
was not covered by the ion beam even at a uence of 8 � 1012
This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Neutron PDF data (black curve) with small box refinements of the intermediate-range structure (15–50 Å) for Er2Sn2O7 irradiated with (a) 7
� 1011, (b) 2 � 1012, (c) 4 � 1012, and (d) 8 � 1012 ions per cm2. Three models were used for the refinement: (top row, green) disordered fluorite
plus pristine pyrochlore, (middle row, blue) disordered fluorite plus defective pyrochlore, and (bottom row, red) disordered fluorite plus pristine
pyrochlore plus defective pyrochlore. The difference curves (black lines) and the goodness-of-fit values (Rwp) are shown below and above the
PDFs, respectively. Subfigures (a–d) are shown in more detail in Fig. S1.†
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ions per cm2, which is most likely related to the sample prep-
aration and irradiation procedure. A highly defocused beam
was used to irradiate a large area (5 cm � 5 cm) to obtain
a sufficiently large sample mass for neutron characterization.
This may have introduced beam inhomogeneities, resulting in
incomplete sample coverage by the broad ion beam. Alterna-
tively, pressing powder homogeneously into ultra-thin pellets,
with thicknesses of only 10s of mm and areas on the order of 1
cm2 is very challenging, and some sample regions may have
been too thick to be fully penetrated by the ion beam.

3.5. Neutron pair distribution function analysis – short-
range structural analysis

To gain further insight into ion beam-induced changes to the
local atomic arrangement, the PDFs were also analyzed in the
lower r-space region, corresponding to shorter range atomic
correlations (Fig. 9). As with the intermediate range PDF, all
three crystalline phases contribute to the PDF at this length
scale, alongside additional atomic correlations from the amor-
phous phase. The PDFs show changes with increasing ion u-
ence across the range between 1.75 Å and 14.25 Å with
broadening and merging of peaks and changes in intensity
This journal is © The Royal Society of Chemistry 2021
ratios (Fig. 9a). Irradiation-induced modications in the PDF
are particularly pronounced at the level of coordination poly-
hedra between 1.0 Å and 3.5 Å (Fig. 9b). The Sn-O1 (48f oxygen
site) correlation peak decreases in intensity and shis to higher
r-values, while the Er-O1 correlation peak shis to lower r-values
accompanied with a distinct loss in intensity. A new atom-pair
correlation emerges aer irradiation to 2 � 1012 ions per cm2

around 2.3 Å and convolutes with the Er-O2 (8b oxygen site)
correlation at higher uences. Interestingly, all PDFs exhibit
several isosbestic (crossover) points across all uences (e.g., at
2.4 Å and 2.7 Å), indicating that the probability of nding an
atomic pair at a distance at�2.4 Å or�2.7 Å remains unaffected
by swi heavy ion irradiation up to the highest uence (Fig. 9b).
One of the isosbestic points, r�2.7 Å, is in close proximity to the
O1–O1 pair correlation distance, and the persistence of this
correlation, despite the observed shis of the cation–anion
correlation lengths, may indicate a symmetry reduction caused
by the displacement of cations from their ideal positions within
coordination polyhedra. This behavior agrees well with previous
ndings of a weberite-type local atomic arrangement within
disordered pyrochlore oxides.11 Small-box renement of the
PDF data conrmed that weberite-type ordering is present in
J. Mater. Chem. A, 2021, 9, 16982–16997 | 16989

https://doi.org/10.1039/d1ta04924k


Fig. 7 Reduced neutron structure functions of Er2Sn2O7 irradiated with 8 � 1012 ions per cm2. (a) Experimental data and (b) simulated from
Fourier transform of the individual crystalline phases (pristine pyrochlore, defective pyrochlore, and disordered fluorite) derived from inter-
mediate-range structure refinement of the PDF (Fig. 6), and amorphous contribution from peak deconvolution. Ripples in the baseline of the
simulated neutron structure functions arise from the finite Fourier transformations (rmax ¼ 100 Å) of the calculated PDFs. Inset shows subtle
differences between the pristine (red) and defective (blue) pyrochlore phases such as a shift in position and broadening of peaks indicative of
irradiation induced defects.

Fig. 8 Weighted phase fractions extracted from small-box refine-
ments of PDFs from 15–50 Å (pristine pyrochlore, defective pyro-
chlore, and disordered fluorite) and reciprocal-space peak
deconvolution28 (amorphous) as a function of applied ion fluence
(Table 2). Uncertainties of the amorphous phase are related to the peak
deconvolution process utilized from ref. 28 and uncertainties of the
crystalline phases to the small-box refinement of the PDFs. Solid lines
are shown to guide the eye.

16990 | J. Mater. Chem. A, 2021, 9, 16982–16997
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irradiated Er2Sn2O7, but incomplete aer irradiation up to 8 �
1012 ions per cm2. For example, the prominent correlation
peaks in the PDF of unirradiated pyrochlore around 9.5 Å and
13 Å (black PDF in Fig. 9a) are still evident up to the maximum
uence (green PDF in Fig. 9a), but they are convoluted into the
broad correlations arising from growing disordered sample
regions.

As discussed above, the intermediate-range analysis and
reciprocal-space peak deconvolution procedure revealed that in
total 4 phases are present in each irradiated sample over the
uence range studied (Fig. 8): pristine pyrochlore, defective
pyrochlore, disordered uorite, and amorphous. All of these
phases must contribute to the PDF of the short-range structure.
It has been previously shown [11] that swi heavy ion irradiated
pyrochlore oxides form locally a weberite-type atomic arrange-
ment, independently whether they11 amorphize or disorder to
uorite across the long range. Thus, a two-phase model con-
sisting of pyrochlore (Fd3�m) and weberite-type (C2221)11 was
used in the small-box renement to model the PDFs from 1.5 Å
to 15 Å as shown in Fig. 10a for the PDF of the sample irradiated
to 7 � 1011 ions per cm2. Interestingly, the experimental data
were accurately described by using just two phases, and the
quality of the t was not affected by the utilized structural
model of pyrochlore with xed (pristine) or adjustable (defec-
tive) rened parameters. This implies the weberite-type model
captures not only the irradiation-induced atomic-scale modi-
cations associated with disordering and amorphization, but
This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Stacked neutron pair distribution functions of pristine Er2Sn2O7 and irradiated with 2.2 GeV Au ions to different fluences (given in ions per
cm2). The r-value ranges correspond to the (a) local structure between 1.75 Å and 14.25 Å and (b) region of coordination polyhedra. Irradiation
distinctly changes the atomic arrangement and pair correlations of pyrochlore (indexed pair correlations in (b) correspond to the pristine sample)
to a weberite-type configuration.

Fig. 10 (a) Representative neutron PDF small-box refinement (1.5–15 Å) of irradiated Er2Sn2O7 with the two-phase model consisting of C2221
weberite-type and pristine Fd3�m pyrochlore. The black circles correspond to the experimental PDF, the red line is the simulated PDF, and the
green line is the difference between the two. (b) Local weberite-type (C2221) phase fraction obtained by small-box refinement as shown in (a) as
a function of ion fluence. The solid line is the fit of a single-impact transformation model (eqn (2)) to the data points with A representing the
saturation value, sPW being the cross section for the pyrochlore-to-weberite transformation and dPW the corresponding diameter (assuming
cylindrical symmetry). The error bars of the experimental data are associated with uncertainties of the small-box refinement and the error in the
cross section (and diameter) arises from uncertainty of the single-impact model fit to the data points.
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also those from the formation of defective pyrochlore. This
suggests that defective pyrochlore behaves very similar to
disordered uorite by adopting an atomic arrangement locally
that differs from the intermediate- and long-range structure.
The weberite-type phase fraction deduced from small-box
renement (Table 2) initially increases linearly with ion irradi-
ation and saturates at about 0.9 for higher uence irradiations,
consistent with a single-impact mechanism. This means that
each individual ion impact directly transforms a region around
the ion trajectory from pyrochlore-type to weberite-type
(Fig. 10b), but some sample locations are either not hit by the
ion beam or some recovery to pyrochlore-type ordering occurs
during the quenching process.58 The transformation cross-
This journal is © The Royal Society of Chemistry 2021
section, sPW, for weberite-type phase formation (and associ-
ated track radius when assuming cylindrical symmetry) was
determined by tting the following single-impact model:58

f(f) ¼ A(1 � e�sPWf) (2)

where sPW is the transformation cross-section of local
pyrochlore-type ordering to weberite-type ordering, F the ion
uence, and A the dimensionless parameter to account for
saturation below unity (0.92(2) in this case). The effective track
radius associated with the formation of the weberite-type phase
is rPW ¼ 5.8(2) nm. The saturation at 92(2)% transformation to
weberite-type with a remaining 8(2)% of pristine pyrochlore is
J. Mater. Chem. A, 2021, 9, 16982–16997 | 16991
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in excellent agreement with the phase behavior deduced from
the intermediate-range structure (Fig. 10 & Table 2). The fact
that pristine pyrochlore saturates at this same level aer irra-
diation to a uence of 8 � 1012 ions per cm2 across all length
scales is, as mentioned above, most likely linked to sample
regions that were not covered by the ion beam. This supports
further the conclusion from the short-range structural analysis
that the local weberite-type ordering is the common atomic
arrangement of all ion-induced phases: amorphous, disordered
uorite, and defective pyrochlore.
4. Discussion
4.1 Ion-induced phase accumulation models

Four distinct phases were identied in all irradiated Er2Sn2O7

pyrochlore samples based on the long- and intermediate-range
structural analysis (Fig. 8), with the phase fraction of each
evolving in a complex manner as a function of increasing ion
uence. The corresponding phase fractions were analyzed using
two different damage-accumulation models that have been
previously proposed for swi heavy ion irradiated pyrochlore
oxides. These models, reported by Sattonnay et al. and Tracy
et al., yield cross-sections for transformation paths identied
here and in previous work.22,59 Both heterogeneous track-
overlap focus on the undamaged pyrochlore matrix, the amor-
phous track core, and the disordered uorite shell, but do not
consider the defective pyrochlore halo. For example, the model
proposed by Sattonnay et al.26 assumes the following trans-
formation pathways and associated transformation cross-
sections, s: (i) ordered pyrochlore / disordered uorite
(sPD), (ii) ordered pyrochlore / amorphous (sPA), and (iii)
disordered uorite / amorphous (sDA). The expressions for
the pyrochlore (fP), disordered (fD), and amorphous (fA) phase
fractions as a function of ion uence (f) in the Sattonnay et al.
model are given as:

fP(f) ¼ e�f(sPA + sPD) (3a)

fDðfÞ ¼ sPDe
�fðsPAþsPDÞ½efðsPAþsPD�sDAÞ � 1�

sPA þ sPD � sDA

(3b)

fAðfÞ ¼ 1þ ðsPA � sDAÞ
sDA � sPA � sPD

e�fðsPAþsPDÞ

þ sPD

sDA � sPA � sPD

e�fsDA (3c)

An alternative model was developed by Tracy et al.13 based on
the same core–shell track morphology. The major difference to
the model of Sattonnay et al.26 is that the disordered uorite /
amorphous (sDA) transformation pathway, which accounts for
amorphization by overlapping of defect uorite shells of two ion
tracks, is omitted. Instead, the Tracy et al. model includes
partial epitaxial recrystallization of some amorphous volume to
disordered uorite, resulting from quenching of an ion track
that overlaps with the amorphous core of a previously-produced
track. Thus, the cross-section for the formation of the disor-
dered uorite phase, sD, includes two pathways: pyrochlore /
16992 | J. Mater. Chem. A, 2021, 9, 16982–16997
disordered uorite and amorphous / disordered uorite.
Accounting for recrystallization of the amorphous phase during
quenching of an overlapping track can explain the behavior
exhibited by many stannate pyrochlore oxides where saturation
of the amorphous phase occurs well below 100%.13 The
expressions for the pyrochlore (fP), disordered uorite (fD), and
amorphous (fA) phase fractions as a function of ion uence (f)
in the Tracy et al. model are given as:

fP(f) ¼ e�f(sA+sD) (4a)

fDðfÞ ¼ efsDðsA�sDÞ

sAefsA � sDefsD
� e�fðsAþsDÞ (4b)

fAðfÞ ¼ 1� efðsD�sAÞ

1�
�
sD

sA

�
efðsD�sAÞ

(4c)

The development of these previous models was based
primarily on XRDmeasurements;13,26 this technique has limited
sensitivity to oxygen anions and thus to subtle changes in the
pyrochlore phase such as the production of small defect
concentrations. In contrast, the neutron PDF data used here
allows, for the rst time, to quantify the defective pyrochlore
phase as a function of increasing ion uence. To more
comprehensively analyze irradiation-induced phase evolutions
in this Er2Sn2O7 pyrochlore, the two existing models were
expanded by incorporating the transformation pathway from
pristine pyrochlore / defective pyrochlore (fMP):

dfMP

df
¼ sMPfP � sTfMP (5)

where sMP represents the cross-section for defective pyrochlore
formation and sT equals to sD + sA for the model by Tracy et al.
and to sPD + sPA for the model by Sattonnay et al. (the total area
for transformations to the amorphous and disordered uorite
phases). In this formulation, pristine pyrochlore transforms to
defective pyrochlore with each ion impact, while defective
pyrochlore regions struck by an ion further disorder to amor-
phous or disordered uorite phases. The solution to eqn (5) is:

fMP(f) ¼ e�f(sMP � sT) (efsMP � 1) (6)

assuming that the disordered uorite and amorphous phases
form from pyrochlore whether or not it is defective or pristine.
This simplication greatly reduces the complexity of each
model as the build-up of the amorphous and disordered uorite
phase fractions (eqn (3b), (3c), (4b), and (4c)) remain unchanged
from their original descriptions. Both models, expanded by eqn
(5), describe well the phase behavior of Er2Sn2O7 induced by 2.2
GeV Au ions (Fig. 11) up to the highest uence accurately
accounting for the evolution of all three irradiation-induced
phases (only small deviations of model and data points are
apparent in Fig. 11). The saturation of the defective pyrochlore
phase at higher uences suggests a recovery pathway from
either the amorphous phase, or disordered uorite phase, or
both; this pathway was not included to avoid over-
This journal is © The Royal Society of Chemistry 2021
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Fig. 11 Radiation-induced fractions of disordered fluorite (blue), amorphous phase (green), and defective pyrochlore (red) deduced from small-
box refinements of neutron PDFs from 15–50 Å (crystalline phases) and reciprocal-space peak deconvolution (amorphous phase) as a function of
applied ion fluence. The lines are fits to the data utilizing damage-accumulation models developed by (a) Sattonnay et al.26 and (b) Tracy et al.13

with small modifications based on results from this study. Both models consider different phase fractions simultaneously and provide cross-
sections, s, and track diameters, d, for individual damage zones based on eqn (3), (4), and (6). Abbreviations denote to pyrochlore-to-amorphous
(PA and A), pyrochlore-to-disordered fluorite (PD), pyrochlore-to-disordered fluorite as well as amorphous-to- disordered fluorite (D), disor-
dered fluorite-to-amorphous (DA), and pristine pyrochlore-to-disordered pyrochlore (MP). R2 is the coefficient of determination of each model
to the phase fractions.
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parametrization of our model but could be a focus of future
studies on materials with less complex track morphologies.
4.2 Ion-track morphology

The internal structure of a swi heavy ion track in Er2Sn2O7 is
directly evident by high-resolution TEM images (Fig. 2b) dis-
playing a complex damage morphology consisting of an amor-
phous core, which is surrounded by a disordered uorite shell
that is surmounted by a defective pyrochlore halo. Indirect
information on the size of the different damage zones is avail-
able by cross-sections, s, deduced from track-overlap models
tted to uence-dependent phase fraction data (Fig. 11). To
Fig. 12 Summary of the radial extension of different damage regions (co
TEM imaging and neutron total scattering analysis. Error bars in TEMmeas
PDF analysis represent the propagation of uncertainties associated with
formationmodels. The schematic drawings of ion track cross-sections (rig
from TEM and neutron analysis consisting of an amorphous core (dark
contrast, intermediate circular area), and a defective pyrochlore halo (br
damage morphology across the local structure represented by a weberi

This journal is © The Royal Society of Chemistry 2021
compare the size of the different damage zones from TEM and
neutron measurements, it is important to dene what these
values mean and how they are used. For example, the cross-
section of the disordered shell, sD, describes an area per ion
impact that is associated with the formation of disordered
uorite. For example, the cross-section of the amorphous core,
sA, describes an area per ion impact that is associated with the
formation of the amorphous phase. By assuming cylindrical
track geometry, which is valid based on TEM investigations
(Fig. 2b), with sA ¼ p(rA)

2 the effective radius, rA, of the amor-
phous core can be determined. With knowledge of the core–
shell morphology and the existence of an inner amorphous
re, shell, and halo) within swift heavy ion tracks in Er2Sn2O7 based on
urements represent the standard error of themean, and error bars from
structural refinement and subsequent fitting procedures with trans-
ht) are to scale and display the three distinct long-range damage zones
est contrast, inner circular area), a disordered fluorite shell (brighter
ightest contrast, outer circular area) as well as (left) the homogeneous
te-type atomic arrangement (green).
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Table 3 Radial extent of the three concentric damage zones induced by 2.2 GeV Au ions in Er2Sn2O7 pyrochlore. The top value is the effective
radius of the phase (in nm) from the track center and the bottom value in angular brackets is the cross section of the phase (in nm2)

Phase TEM
Neutron PDF (15–50 Å)
(Tracy et al.)

Neutron PDF (15–50
Å) (Sattonnay et al.)

Neutron PDF
(1.5–15 Å)

Core (amorphous) 1.6(1) <8(1)> 2.4(2) <19(3)> 2.3(3) <17(4)> —
Shell (disordered uorite) 3.6(2) <33(5)> 4.7(3) <51(7)> 4.7(4) <51(6)> —
Halo (defective pyrochlore) 6.3(3) <84(12)> 5.4(6) <21(10)> 5.3(6) <21(10)> —
Total 6.3(3) <125(18)> 5.4(6) <91(20)> 5.3(6) <89(20)> 5.8(2) <106(8)>
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region with radius, rA, the effective radius of the disordered
uorite shell from the track center is given by (sA + sD)¼ p(rD)

2.
This approach was used to determine radius of each damage
zone based on cross-sections from both track-overlap models
(Section 4.1), and these values were compared to direct obser-
vation from TEM images (Fig. 12 and Table 3).

The inner track core consists of amorphized material that
results from the extremely high energy density induced along
the ion path (falling off as 1/r2 in the radial direction, normal to
the track60). As shown graphically in Fig. 12, the radius of the
amorphous core obtained from TEM images is 1.6(1) nm
(Fig. 2b), smaller than the values deduced from the modied
track-overlap models of Sattonnay et al. (rPA ¼ 2.3(3)) and Tracy
et al. (rA ¼ 2.4(2)). The peak deconvolution method utilized to
quantify amorphous phase fractions from X-ray diffraction
patterns28 has been previously shown to underestimate the
amount of amorphous phase within ion tracks.13,61 This is in
contrast to the larger radii obtained in the present work where
the same deconvolution method was applied to neutron total
scattering data. The discrepancy can be explained by the much
higher sensitivity of neutron probes to the oxygen sublattice (in
contrast to X-rays or electrons). The radial extent of the amor-
phous core as measured by TEM analysis reects predominantly
the structural aperiodicity of the cations. The larger core radius
extracted from neutron data could mean that the loss of long-
range coherency occurs on the oxygen sublattice over a larger
area than it does on the cation sublattice. This agrees well with
the results of a previous study on swi heavy ion irradiated
CeO2 that reported the formation of oxygen defects at radial
distances from the track center much greater than the diameter
of the ion track as identied by TEM.62 On the other hand, the
discrepancy between neutron and TEM measurements may be
related to the very high sensitivity of neutron probes to diffuse
scattering which is already apparent aer irradiation to only 7�
1011 ions per cm2 (Fig. 4b). Both the disordered uorite and the
amorphous phase contribute to the growing background
underneath the Bragg peaks as a result of weberite-type
ordering.11 Since the amorphous phase fraction was deter-
mined by deconvolution of the experimental structure function,
with contributions from all other phases, including disordered
uorite, the obtained values are likely an overestimation across
the entire uence range. This explains the about 50% larger
amorphous core radius from neutron measurements as
compared with TEM observation (Fig. 12).

The effective radius, rD, of the disordered uorite shell was
determined by TEM to be 3.6(2) nm (Fig. 2b). This agrees well to
16994 | J. Mater. Chem. A, 2021, 9, 16982–16997
the values deduced from neutron data of 4.7(4) nm for the
Sattonnay et al. model and 4.7(3) nm for the Tracy et al. model.
It is challenging to accurately discriminate between the pyro-
chlore and disordered uorite structure based on renement of
long-range data due to their highly similar diffraction patterns
(for both X-rays and neutrons). This becomes even more diffi-
cult with increasing contributions of the amorphous phase to
the patterns at higher uences. The approach presented here, to
quantify both phases based on their intermediate-range struc-
ture, thus presents a signicant improvement. Each phase has
a unique signature across this length scale without interference
from the amorphous phase that contributes intensity only to
the short-range structure (<15 Å). Quantication of the disor-
dered uorite phase fraction based on this improved assess-
ment yields a cross-section (and corresponding diameter) when
tted with the two track-overlap models, sPD and sD, which is in
excellent agreement with the TEM data.

A defective pyrochlore halo has been previously proposed
based on its strain contrast in TEM images and its contribution
to Raman spectra.18,22 A distinct strain contrast around the
disordered shell is also observable in the high-resolution TEM
images of this study (Fig. 2b) with an effective radius, rH, of
about 6.3(3) nm. The high sensitivity to oxygen and the ability to
analyze the intermediate-range structure allowed for additional
characterization of the defective pyrochlore halo by neutron
measurements. The heterogeneous track-overlap models of
Sattonnay et al. and Tracy et al. were expanded to include this
third, outermost damage zone (eqn (6)), and the analysis of the
uence-dependent phase fraction resulted in a radius of the
track halo radius of 5.3(6) nm and 5.4(6) nm for the Sattonnay
et al. model and the Tracy et al. model, respectively. These
values are smaller than the one obtained from TEM analysis. It
remains unclear how the strain contrast in TEM images is
related to the underlying defects, and the more direct assess-
ment of the defective pyrochlore phase by neutron probes
should be more reliable. This is supported by previous Raman
measurements of Gd2Zr2�xTixO7 pyrochlores irradiated with
1.43 GeV Xe which reported a halo thickness of about 1 nm.22

Independently of size of the halo, alongside TEM and Raman
spectroscopy characterization, the neutron data reported here
present an independent conrmation of the existence of such
a defective pyrochlore region beyond the defect-uorite shell.
4.3 Local structure of irradiated pyrochlore

While the long-range structural analysis (neutron scattering and
TEM) indicated the presence of 3 distinct damage zones within
This journal is © The Royal Society of Chemistry 2021
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the swi heavy ion tracks, characterization of the short-range
structure provides a rather different picture. Small-box rene-
ment of PDFs in the region of 1.5–15 Å conrmed the formation
of a weberite-type short-range phase in Er2Sn2O7 aer irradiation
with 2.2 GeV Au ions. The weberite-type phase fraction increases
with ion uence consistent with a single-impact model (Fig. 10),
and the corresponding track radius (rPW) is 5.8(2) nm. This value
agrees well with the total track radii (core + shell + halo) of
5.3(6) nm and 5.4(6) nm based on the Sattonnay et al. and Tracy
et al. models, respectively. This implies that all three damage
zones that are produced within swi heavy ion tracks are char-
acterized by the same weberite-type atomic arrangement. This
agrees well with previous neutron total scattering studies on
pyrochlore oxides with short- and long-range structural charac-
terization. It was shown that both the disordered uorite struc-
ture and the amorphous phase that are observed aer ion
irradiation across the long range are best described locally by the
same weberite-type phase11 and, further, that chemically-induced
disorder, that maintains the long-range pyrochlore phase but
introduces high concentrations of anion Frenkel defects, also
locally yields a short-range weberite-type atomic arrangement.63

The complex ion-track morphology exhibited over the long-
range structure appears to be a general phenomenon for pyro-
chlore oxides.18,23,25,64–68 The relative size of core and shell regions
depends on the chemical composition23 and the deposited energy
loss of the swi heavy ions.23 There are currently two explanations
for the formation of the disordered uorite shell: (i) it forms
around the amorphous core directly during ion impact within
a region where the induced energy density is below the critical
value required for amorphization but is sufficient for disordering;
or (ii) it forms from a molten region within an ion track during
quenching as a result of partial recrystallization at the periphery of
the melt. Combined thermal spike and molecular dynamics (MD)
simulations23,65,69 suggest that process (ii) is more likely and that
the shell is the result of epitaxial recrystallization. This is sup-
ported by the neutron characterization of samples irradiated to
very high uences which show that the amorphous fraction
saturates well below 100% as shown in Fig. 8 (also reported for
other stannate pyrochlore oxides13). This can only be explained by
a disordered uorite shell that forms repeatedly during each ion
impact as a result of recrystallization, regardless of whether or not
the initial phase in the region of the ion path is crystalline or
amorphous. The short-range analysis through neutron PDF data
and the existence of a weberite-type local phase for both the
amorphous core and disordered shell supports this track-
formation behavior. As previously derived from fundamental
chemical rules,15 A2B2O7 pyrochlore oxides commonly adopt
a weberite-type atomic arrangement when a fully ordered struc-
ture can no longer be maintained due to intrinsic or extrinsic
perturbances.11 If one assumes that the same weberite-type coor-
dination polyhedra persist within the molten state, then the
amorphous core and disordered uorite shell represents both the
frozen-in or quenched atomic arrangement aer ion impact. The
temperature prole decreases steeply from the center line of the
track radially outward, and the resulting lower quench rate in the
outer track region and the interface with the surrounding pyro-
chlore matrix likely allows for some long-range recrystallization to
This journal is © The Royal Society of Chemistry 2021
occur, yielding the crystalline, but disordered shell. For sample
regions that are radially even further away from the ion path the
quench rate is again reduced and may be low enough for long-
range ordering to pyrochlore with some remnant defect concen-
trations. This explains the existence of a defective pyrochlore halo
as outermost concentric damage region. The homogeneous track
morphology at the short-range with a weberite-type atomic
arrangement present for all three damage zones supports the
scenario that the track halo was originally part of the molten track
that formed also the amorphous core and disordered shell.
Further experimental andmodelling studies are needed to further
rene the track-formationmechanism in pyrochlore oxides and to
clarify the origin of the defective pyrochlore halo.

5. Conclusions

Complementary characterization techniques (direct character-
ization by TEM and indirect characterization by X-ray and neutron
total scattering) performed over a range of ion uences provide
a comprehensive picture of phase evolution and track
morphology for Er2Sn2O7 pyrochlore irradiated with 2.2 GeV Au
ions. Individual ion tracks consist of an amorphous core, sur-
rounded by a disordered uorite shell, itself surrounded by
a defective pyrochlore halo. With high sensitivity to the oxygen
sublattice and the ability of short-range analysis, neutron total
scattering provided further structural insight into all three
irradiation-induced phases. Characterization of the disordering
process over the intermediate-range structure by means of
neutron pair distribution functions allowed for accurate quanti-
cation of the thickness of the disordered uorite shell.
Comparison with the shell thickness obtained by direct TEM
measurement yielded excellent agreement among the two char-
acterization techniques, which presents an improvement over
previous diffraction-based investigations and associated chal-
lenges of the structurally highly related pyrochlore and disordered
uorite. Neutron characterization provided also clear evidence of
a defective pyrochlore phase that was previously only indirectly
observed by TEMas strain contrast within a track halo region. The
phase fraction of defective pyrochlore was quantied for each ion
uence and considered to accurately describe the damage accu-
mulation process. Existing heterogeneous track-overlap models
proposed by Sattonnay et al.26 and by Tracy et al.13 were expanded
by addition of a pyrochlore / defective pyrochlore trans-
formation pathway. This improved the modeling of uence-
dependent behavior for all irradiation-induced phases and yiel-
ded the size of the defective pyrochlore halo which was only 50%
of the size as suggested by TEM measurements. Oxygen Frenkel
defects were shown to be an important component of the track
halo which explains the challenges of characterization using X-ray
and electron probes. Neutron characterization is very sensitive to
diffuse scattering, which facilitates the analysis of irradiation-
induced amorphization; however, the formation of defects and
disorder also contributes to the diffuse scattering and the
deduced diameter of the amorphous core is likely an upper bound
as supported by the smaller track core from TEM measurements.

Analysis of radiation effects across the short-range structure
revealed an atomic-scale transformation from pyrochlore to
J. Mater. Chem. A, 2021, 9, 16982–16997 | 16995
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weberite-type (C2221), in agreement with previous studies. No
other irradiation-induced structural modication was evident
from real-space analysis of the local structure (r <15 Å). The
weberite-type phase accumulation as a function of ion uence
exhibited behavior consistent with a single-impact mechanism
and the resulting track diameter is in very good agreement to
the overall track size (core + shell + halo) derived from charac-
terization of the intermediate-range (neutron scattering) and
long-range (TEM) structural modications. This implies that all
three damage zones share the same local weberite-type poly-
hedra, despite their distinct longer-range structure. Thus, the
expression of the swi heavy ion track morphology in Er2Sn2O7

(and most likely also in other pyrochlore oxides) strongly
depends on the length scales considered. The long-range
structure as seen in TEM images is heterogenous with three
distinct concentric damage zones. In clear contrast, tracks are
fully homogeneous if the short-range structure is considered. It
is well established that the characterization of radiation
damage, and particularly track size and morphology, strongly
depends on the utilized analytical probes and their interaction
mechanisms with the target material.22 This study further
expands this view and shows that the length-scale over which
damage is probed is an important component that must be
considered.
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