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Pyrochlore compositions in the Gda(Ti;_,Zr,)>O; solid solution have gained attention in the field of
radioactive waste forms because they are capable of withstanding high doses of ion irradiation without
becoming amorphous, as the Zr-content increases. The purpose of this study was to explore the
structure of Gdy(Ti;_,Zr,),O7; compounds at various length scales using Synchrotron High-Resolution X-
ray Powder Diffraction (HR-XRPD), Pair Distribution Function (PDF) analysis, and Raman spectroscopy.
Through Rietveld analysis of HR-XRPD patterns, it was determined that substituting Ti with Zr in the
Gd,Ti,O7 compound results in the gradual formation of Anti-Frenkel (AFr) Oxygen defects and, for xz, =
0.75, in slight cation A/B site disordering, while still maintaining the same average pyrochlore structure.
Raman spectroscopy shows a marked change in the spectra for xz, = 0.50, with a general broadening of
the bands and the emergence of new spectral features, indicating an increase in static disorder and
some symmetry breaks at shorter length scales. This outcome was confirmed by PDF modelling in the

low r region. Two alternative models were proposed to map the disorder: (i) a Pmma weberite-type
Received 13th August 2023

Accepted 26th October 2023 structure, which suitable fits the PDFs in the Zr-rich part of the phase diagram only up to r = 8 A; (ii)

a disordered pyrochlore structure containing Anti-Frenkel (AFr) pairs in the form of extended clusters as
DOI: 10.1039/d3ta04847k generated by DFT calculations. The short r range of applicability of the weberite-type model and the

rsc.li/materials-a computed energy values tip the balance in favor of the AFr clusters.

The irradiation with heavy ions was employed in order to
simulate the effect of alpha decay on the crystalline host
matrix. In this regard, Gd,(Ti; _,Zr,),0, pyrochlores exhibit

1. Introduction

Materials with general formula A,B,0; (A = trivalent rare earth

metal, B = tetravalent transition metal) and pyrochlore struc-
ture exhibit several interesting properties ranging from high
ionic conductivity’ and frustrated magnetic order* to low
thermal conductivity’ and good catalytic activity. Moreover,
their great chemical durability and radiation tolerance have
made them promising candidates for radionuclides disposal in
the context of SYNROC (synthetic rock).>
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increasing radiation resistance with increasing Zr content.
While Gd,Ti,O; is promptly amorphized under irradiation,
Gd,Zr,0,, can effectively dissipate the radiation energy by
undergoing a phase transition from the pyrochlore to the
defect fluorite structure type, preventing amorphization.®**
This transformation can be regarded as an order-disorder
transition, which occurs through the accumulation of defects
within the structure. Nominally, cations are randomized over
their crystallographic sites forming cation antisite defects,
while anions exchange places with vacancies introducing
anion Anti Frenkel (AFr) defects.****

In A,;B,0; pyrochlores with complex composition, the
chemical substitution alone can drive the structural order-
disorder phase transition."*™*® The ratio of the A and B ionic
radii r,/rg has been extensively used to predict and explain the
formation of different structural type as a function of ionic
substitutions.'?® At atmospheric pressure, a pyrochlore phase
is stable if the ra/rg is in the range 1.46-1.78,'>*' whereas an
anion deficient fluorite (A,5Bo.5)01.75 phase appears if ry/rg <
1.46. For ry/rg values exceeding 1.78, a monoclinic perovskite

J. Mater. Chem. A, 2023, 1, 24203-24218 | 24203


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ta04847k&domain=pdf&date_stamp=2023-11-08
http://orcid.org/0000-0002-5485-6037
http://orcid.org/0000-0002-7497-0670
http://orcid.org/0000-0002-4535-9354
http://orcid.org/0000-0002-9473-6718
http://orcid.org/0000-0003-0900-6145
http://orcid.org/0000-0002-9831-0773
http://orcid.org/0000-0002-9242-6601
https://doi.org/10.1039/d3ta04847k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta04847k
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA011044

Open Access Article. Published on 26 October 2023. Downloaded on 12/4/2025 10:48:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

layered structure is favored.*»** Another fluorite-related struc-
ture, known as C-type, is also possible, e.g. in the case of B = Ce,
and A = Y, Sm,* Gd,*® Yb.”’

The gadolinium titanate Gd,Ti,O- is inside the pyrochlore
stability range (ra/rg = 1.74), whereas the gadolinium zirconate
Gd,Zr,0; lies precisely on the boundary of the pyrochlore/
fluorite stability field (ra/rg = 1.46).%*' Therefore, the Gd,(-
Ti;_,Zr,),0; solid solution is a suitable system for studying the
disordering mechanism induced by the cationic substitution at
the B-site. The progressive disordering of the pyrochlore struc-
ture on Ti/Zr-substitution in the Gd,(Ti;_,Zr,),0, system has
been well addressed by several studies using standard diffrac-
tion techniques.'®*** Despite pure Gd,Zr,0 still retains the
pyrochlore structure on average, EXAFS and Pair Distribution
Function (PDF) analysis detected structural deviation at the
short-structural scale.** In the homologous Ho,(Ti;_,Zr,),0,
series, the average structure changes from pyrochlore (xz, = 0)
to defect fluorite (xz; = 1), while the evolution of the local
structure seems to be best described by a gradual accumulation
of weberite-type domains within the pyrochlore matrix.**?*¢ In
recent years, weberite-type domains have been extensively
recognized as building blocks of the local structure of several
pyrochlore oxides subjected to disordering processes by
mechanical milling,>* irradiation®** and chemical
substitution.?>*-*3

Aiming to reveal the nature of emergent disorder in Gd,(-
Ti,_,Zr,),0, materials, we present here a multiscale study of the
structure of Gd,(Ti;_,Zr,),0, pyrochlores prepared by solid
state reaction using synchrotron X-ray diffraction and Raman
spectroscopy. The average structure of these materials is
examined by analyzing the diffraction patterns via the Rietveld
method. Information about the crystallites size and strain is
obtained as well. On the other hand, insight into the local
structure is given by Raman spectroscopy, DFT calculations and
the analysis of the pair distribution function.

Accurately mapping the defect structure of the investigated
compounds should pave the way to the comprehension of the
mechanism of energy dissipation during « decay events when
Gd,(Ti;_,Zr,),0, materials are adopted to dispose
radionuclides.

2. Experimental section

Gd,(Ti;_,Zr,),0; samples (x = 0.00, 0.15, 0.25, 0.50, 0.75, 0.85
and 1.0) were prepared by the conventional solid-state
synthesis. Gd,0;, ZrO, and TiO, were selected as starting
materials. They were heated at 110 °C A under vacuum over-
night before use in order to remove moisture traces. After that,
they were weighed according to the specific stoichiometric ratio
and intimately mixed using a mortar and a pestle in an ethanol
slurry. The mixture was dried and then pressed into a 2 cm
diameter pellet with a 8 ton operating press. The pellet was
placed on an alumina crucible and fired in air at 1500 °C in
a vertical tube furnace with MoSi, heaters for 24 hours with
heating/cooling rates of 2 °C min~"'. Subsequently, the sintered
pellet was reground, pressed and subjected to another anneal-
ing cycle. The procedure was repeated until a homogeneous
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sample was produced (typically, 5 and 6 firing cycles). The
synthesis temperature (7) was selected in order to obtain
a pyrochlore phase at each composition, for it was known that
the Gd,Zr,O; compound crystallizes as defect fluorite at T
values higher than 1500 °C.">***

The phase homogeneity of each sample during the synthesis
step was monitored by laboratory X-ray Powder Diffraction.
Powder patterns were collected at room temperature on
a Rigaku MiniFlex600 diffractometer with Cu Ko radiation (5° <
26 < 90°, step 0.02°, 5°/min).

Micro-Raman spectroscopy was carried out using a Horiba
LabRam HR evolution at the Dipartimento di Scienze della
Terra “A. Desio” of the Universita degli Studi di Milano. The
spectrometer is equipped with a Nd-YAG 532 nm/100 mW laser
with Ultra Low Frequency (ULF) filters. Scattered light was
collected by a 100X objective (NA aperture = 0.9) in backscat-
tering geometry; a diffraction grating with 600 lines per mm and
the hole set at 100 um were used. The spectrum has been
detected by a Peltier-cooled Charge Couple Detector. To balance
signal to noise 2 accumulations for 30 seconds were collected.
Instrument calibration was performed before each round of
analysis using the peak at 520.70 cm ™" of a silicon wafer. Raman
bands were fitted with Gaussian functions after background
subtraction using the Origin software.*®

Synchrotron High-resolution X-ray Powder Diffraction (HR-
XRPD) patterns were collected on all the Gd,(Ti;_,Zr,),0;
samples in transmission geometry during experiment CH-5900
(ref. 49) at the ID22 beamline of the ESRF.” The powder
samples were loaded into 0.5 mm diameter Kapton® capillaries
and mounted parallel to the axis of the diffractometer. Two
different setups were used to collect data suitable for either
Rietveld or Pair Distribution Function (PDF) analysis at 90 K. In
the former case the high-resolution setup of ID22 was adopted,
using an X-ray wavelength 1 = 0.354176(8) A and a 9-element
detector array in the 0° < 26 =< 48° interval (Qpa = 14.4 f(l), for
a total counting time of 60 min per pattern. Data for PDF
analysis were collected at 90 K using A = 0.17704(3) A and a 2D
CCD detector (PerkinElmer XRD 1611CP3) with 100 x 100 pm?
pixel size. An additional data set was collected on an empty
Kapton® capillary for background subtraction. Several frames
for a total counting time of 40 mn were averaged for each
measurement. Wavelength, sample-detector distance (380.4
mm), and azimuthal integration parameters were calibrated on
a LaBg reference. The detector mask was created with the
program FIT2D>' calibration and azimuthal integration were all
performed using the program pyFAI>*

The Rietveld analysis was applied to the XRPD patterns
utilizing the GSAS software suite of programs® and its graphical
interface EXPGUL.** The background has been fitted through
Chebyshev polynomial. Line profile have been fitted using
a modification of TCH pseudo-Voigt function as implemented
in GSAS. In the refinements, scale factor, cell constants, posi-
tional and isotropic atomic mean square displacement param-
eters have been varied, as well as background, and peak profile
parameters.

In addition, diffraction peaks in the 1 < 26 < 20° interval
were fitted using pseudo-Voigt functions using the WinPlotR

This journal is © The Royal Society of Chemistry 2023
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program.® After deconvoluting the instrumental contribution
to peak broadening calculated on the diffraction pattern of a Si
standard, the refined positions 26; and Integral breaths §; were
plotted as 8 cos(f) vs. 4 sin(#) and fitted against the Williamson-
Hall equation:*®

B cos(f) = 4esin(f) + A/ Dy

where Dy is the volume-weighted particle diameter and ¢ is the
inhomogeneous strain parameter.

For Real space analysis we made use of the reduced PDF,
G(r), which is the product of the sine Fourier transform of the
experimental total scattering function, S(Q), defined as:*’

G(r) = 4mr(p(r) — pol

Omax
= .| o0 - nsinconao
where p(r) is atomic pair density function and indicates the
probability of finding an atom at a distance r from another
atom, while p, is the atom number density. A positive peak in
the G(r) pattern indicates a range of r values whereby the
probability of finding interatomic vectors is greater than that
determined by the number density, while the opposite holds for
negative G(r) peaks. G(r) curves were computed using the
PDFgetX3 program® using data up to Qmax = 27.0 A™%. Struc-
tural models were fitted to the G(r) curves using PDFgui.*® The
instrumental parameter Qgamp (=0.01) was determined fitting
G(r) data collected on a LaBg reference in the same experimental
conditions.

Atomistic calculation of Gd,Zr,0, were carried out using the
General Lattice Utility Program (GULP)**®* with polarizable
core-shell model®* interatomic potentials to rapidly sample the
energetic landscape of defect complexes. Next, the obtained
structures were refined with Density Functional Theory (DFT)
calculations using the Quantum Espresso code.®*** We simu-
lated a conventional cubic supercell with 88 atoms and taking
the lattice spacing and the volume fixed to the experimental one
at room temperature.

3. Results and discussion

3.1. Structures of pyrochlores and pertinent related phases

The structural models of pyrochlore and weberite-type were
employed here to describe the long- and short-range order of
the crystalline oxide phases under investigation. These two
structural types are closely related and can be considered as
subtraction derivatives of the fluorite structure type. In the
fluorite structure AO, (s.g. Fm3m, n° 225, Z = 4) the cation A
occupies a special position of Wyckoff letter 4c (0, 0, 0) and is 8-
fold coordinated in a cubic environment by oxygens placed in 8¢
sites (1/4, 1/4, 1/4) (see Fig. 1a). The oxygen atoms, conversely,
are 4-fold coordinated in a tetrahedral geometry. The only
structural degree of freedom is the lattice parameter ap (=5 A).

Expressing the general formula of the fluorite as A,Og 5 (A
represents the sum of all metal atoms sites and J the possible
oxygen non stoichiometry) and introducing an anion deficiency

This journal is © The Royal Society of Chemistry 2023
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Fig.1 Unit cell of fluorite (a) (s.g. Fm3m) and pyrochlore (b) (s.g. Fd3m)
structure along [110]; unit cell of weberite-type structure in Ccmm
space group (c) along [001] and in Pmma space group (d) along [010].
A-site cations 8-fold coordinated are in purple (Wyckoff positions 4a in
a, 16d in b, 4b in c and 2b and 2c in d) and B-site cations 6-fold
coordinated are in green polyhedra (Wyckoff positions 16c in b, 4a in c
and 2a and 2d in d); the 7-fold coordinated site shared by both A- and
B-site cations in c (blue polyhedra, Wyckoff position 8g) splits into two
separate sites in d (orange and pink polyhedra, Wyckoff position 4k).
Oxygen atoms are represented by red spheres.

0 =1, one can obtain the general formula of the pyrochlore and
weberite-type structures.®

The pyrochlore phase (s.g. Fd3m, n° 227, Z = 8, origin at the B
site, 16¢ (0, 0, 0)) belongs to the cubic crystal system but has
a doubled cell edge with respect to the fluorite structure (ap =
2ap = 10 A) and has four crystallographically independent
sites.”* The unique cation site of the fluorite is split into two
different sites, 16¢ (0, 0, 0) and 16d (1/2, 1/2, 1/2), occupied by
the B and A cation respectively. The anion site of the fluorite, on
the other hand, is split into three non-equivalent sites. Those
indicated with Wyckoff letters 48f(x, 1/8, 1/8) and 8b (3/8, 3/8, 3/
8), hereafter O1 and 02, respectively, host two oxygen atoms,
while the third (O3) anion site, 8a (1/8, 1/8, 1/8), is vacant in the
ideal pyrochlore structure. In the ESI (ESI), Table ESI1f
summarizes the atomic coordinates within the pyrochlore
structure. Besides the lattice parameter, the fractional coordi-
nate xO1 is the only structural degree of freedom for the pyro-
chlore structure. The coordination polyhedra of the two metal
ions change with respect to the fluorite structure because of the
oxygen deficiency and the variable xO1. In particular, the A
cation is 8-fold coordinated and is placed in a scalenohedron,
while the B cation is 6-fold coordinated within a trigonal anti-
prism (Fig. 1b). In contrast, the coordination environment for
the oxygen atoms remains fourfold. The 48f oxygen is sur-
rounded by two A and two B neighbors in a A,B, tetrahedral
environment, whereas the 8 oxygen and the 8a vacancy are
placed at center of OA, and OB, tetrahedra, respectively.

As stated above, the oxygen atoms and the vacancy are
ordered over three separate crystallographic sites in the ideal
pyrochlore structure. When a phase transition to a defect fluo-
rite structure occurs, the cations randomize as well as the
oxygen atoms and the vacancy. In this way, the fractional
occupancy of the oxygen site becomes 7/8th in the defect fluo-
rite type, while the A and B cations share the same site with
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a 50% probability. This can be easily monitored using diffrac-
tion techniques. Looking at the transition in reverse, in other
words going from a disordered A,B,0, defect fluorite
compound to a perfect pyrochlore phase, one can see that
additional reflections appear in the defect fluorite diffraction
pattern. In the following discussion, we will refer to them as
pyrochlore (superstructure) peaks with respect to the fluorite
peaks which appear in both structures. The intensity of the
pyrochlore peaks depends on the difference of the scattering
power of the A and B cations, the scattering power of oxygen, the
distribution of oxygen atoms and vacancies and the fractional
coordinate xO1.*7*®

As for the pyrochlore, the weberite-type structure is also an
anion-deficient fluorite superstructure. It retains the fcc-like
packing of the cations and the tetrahedral coordination of the
anions. The cell is obtained by a 45° rotation about one of the
crystallographic axes of the pyrochlore structure and the
resulting lattice parameters are approximately 2ap, apv/2,
apV/2.°4% Two orthorhombic weberite-type models, Ccmm (a
non-standard setting of Cmcm space group, n° 63, Z = 4)* or
€222, (n° 20, Z = 4)*, have been invoked to interpret the local
atomic ordering in the disordered pyrochlore series Ho,(Ti; -
Zr,),05. The key features of these structural models are an 8-fold
coordinated site for the A cation, a 6-fold coordinated site for
the B cation and a 7-fold coordinated site that is shared by both
cations. Subtle changes in the anion substructure leads to
a reduction of symmetry, specifically a splitting of the oxygen
ion 167 site into two 8¢ sites passing from Ccmm to C222,. This,
in turn, leads to additional positional degrees of freedom.®® As it
will be detailed in Section 3.3.2, in the present work, the same A/
B cation ordering of pyrochlore was imposed to the weberite-
type models to describe the local structure of Gd,(Ti; _,Zr,),0-
compositions. This further lowers the phase symmetry of Ccmm
to Pcmm (a non-standard setting of Pmma space group, n° 51)
and of C222, to P222, (space group n° 17), causing the splitting
of all the sites into two having halved multiplicity, while
maintaining the same cell metrics. In particular, the 7-fold
coordinated site shared by A and B cations (multiplicity 8) is
split into two sets of multiplicity 4 occupied by A and B cations
separately (see Fig. 1c and d). The structural models employed
in the Reciprocal and Real space analysis will be described in
Sections 3.2 and 3.3.2.

3.2. Reciprocal space analysis

Panels (a) and (b) of Fig. 2 report as examples the full XRPD
patterns collected at 90 K of samples x;, = 0.75 and 0.85
respectively as black crosses, while all the low angle portions of
all the patterns are shown in panel (c).

To reveal the compounds microstructure, the experimental
peaks up to 26 = 20° (Quax = 6 A™*) were fitted using pseudo-
Voigt functions and, after the deconvolution of the instru-
mental resolution function, their integral breaths were plotted
according to the W.-H. equation, to calculate the crystallite size
(Dy) and strain (&) contribution to peak broadening. The refined
A/Dy and ¢ values are displayed in Fig. S1 of the ESIt and briefly
discussed. The insets of Fig. 2a and b report the results for the
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Fig. 2 HR-XRPD patterns of Gd,(Ti;_,Zr,),07 for xZr = 0.75 (a) and
0.85 (b) with corresponding W. H. plots in the insets. HR-XRPD
patterns of the whole Gd,(Ti;_,Zr,),O series in the low 26 region (c)
with fluorite peaks highlighted by asterisks. Cell constant (d), x coor-
dinate of O1 (e), isotropic displacement parameters (f), occupancy
factor of Zr ions at the A site (g) and occupancy factor of oxygen atoms
at the O3 site (h) of the pyrochlore structure.

Xz = 0.75 and 0.85 samples respectively. The small intercept
values of the regression lines testify the large crystallite
dimensions of all the samples: Dy is always in the order of
several um. In the figures, the experimental § cosf data for the
fluorite peaks are represented by black circles, while data for the
pirochlore peaks are depicted as empty circles.

Up to xz = 0.75, all the experimental points lie on the same
straight line. For x,, = 0.85, the empty circles are systematically
shift towards higher values pointing to a reduced crystallo-
graphic coherence of pyrochlore ordering in respect to the
crystallite size. The refined strain value ¢ for Gd,Ti,O- is almost
107%, as expected for a well grown crystalline phase; then it
suddenly grows up of an order of magnitude in the x,, = 0.15
sample (1.3 x 10?) and smoothly decreases raising x;, reach-
ing =8 x 10" in the Ti-free sample (see Fig. ESI1Bf). This
behavior suggests that all the solid solutions and the Gd,Zr,0,
compound are much more strained than the Gd,Ti,O; one.

An ideal pyrochlore model was initially used in Rietveld
refinements to analyze the HR-XRPD patterns. The cell constant
was varied along with the displacement parameter xO1 of the
01 site and three isotropic thermal parameters, for Gd, Zr and
O.

This journal is © The Royal Society of Chemistry 2023
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Some sample dependent peaks asymmetries were detected
that could not be ascribed to instrumental aberrations. Similar
effects were already detected in patterns collected at synchro-
tron radiation sources by other authors while investigating the
Gd,Zr,0, composition prepared by solid-state synthesis. The
asymmetry was interpreted as residual sample inhomogeneity
caused by poorly crystalline defect fluorite material and
modelled using an additional cubic fluorite phase in the
refinements.*®”® In our case, we decided to refine the patterns
using two pyrochlore phases, constraining the structural
parameters (xO1 and Uj,,) to be the same for the two models. In
all samples, either the second phase has a very small weight
fraction or the cell constants of the two phases were very close to
each other. Small portions of these bi-phasic refined patterns
are shown as examples in Fig. ESI2 of the ESL{

All experimental peaks were included in the model and no
indications of symmetry decrease, such as growth of additional
reflections, were observed in respect to the calculated patterns.
However, Ti/Zr substitution induces a systematic over-
estimation of the intensities of the pyrochlore peaks by the
model. The progressive reduction of the intensity of the pyro-
chlore peaks in respect to the fluorite ones (labelled with
asterisks) is clearly visible Fig. 2c. These findings suggest that
the pyrochlore ordering is reduced in Zr-rich samples.

Local probes such as pair distribution function analysis*>"”
and XAS spectroscopy®’*” revealed that in Zirconium based
pyrochlores, Zr is preferentially surrounded by seven oxygen ions
pointing to the partial occupation of the O3 site. Conversely, the
Rietveld refinement of neutron diffraction patterns of Gd,Zr,0-,
(using '®°Gd to overcome the problem of the high absorption
neutron cross section of natural Gd) did not detect significant
oxygen positional disorder.”” In addition, cation swapping
between the A and B sites should occur when the long-range
structure approaches the defect fluorite type.”* For these
reasons, beside the parameters listed above, the occupancies of
oxygen 48f(01) and 8a (03) sites were allowed to vary in the final
refinements, constraining the oxygen concentration to 7 O/
formula. The occupation of 8b (02) site was fixed to 1 because
preliminary tests did not reveal any oxygen depletion on it. At the
same time, Zr and Gd ions were allowed to mix in the A, B sites,
taking fixed the (full) sites occupations and the Zr : Gd ratio (=1).
Panels (d-h) of Fig. 2 display the refinement results, while refined
parameters are reported in Table ESI2 of the ESL{

The cell constant a (Fig. 2d) and the xO1 (Fig. 2e) show the
expected trends. The first one is simply related to the different
ionic radii of Zr and Ti; the second one is in line with previous
studies on compositionally induced disorder in pyrochlore
oxides. As the radius ratio r,/rs, decreases, the xO1 parameter
approaches the ideal value that it would have in a fluorite
structure type (=0.375).'7187376.77

The isotropic mean square displacement parameters U are
displayed in Fig. 2f. They all lie around ~0.005 A in Gd,Ti,0,
compound; then they smoothly raise in Ti-rich solid solutions
(xz: = 0.50) and are boosted moving toward the Zr-rich part of
the phase diagram; in Gd,Zr,0; their value span from two (Ugq)
to five (Up) times their values in Gd,Ti,O,. When complete solid
solutions connect end members both exhibiting ordered crystal

This journal is © The Royal Society of Chemistry 2023
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structures, following the composition coordinate, U values
should initially raise (as detected in x,, =< 0.50 samples). In fact,
cation mixing should promote structural disordering that shifts
U values toward larger values. However, they should reach
a plateau and start decreasing, dropping to a new minimum for
the second end member. This is observed, for example, in the
Ce; _,Gd,O,_,, solid solutions.” The very high U values detec-
ted for Gd,Zr,0, compound and Zr-rich compounds point again
to high structural disorder.

In Fig. 2g, the occupation factor of the A site by Zr (o.f. (Zr,))
is zero up to x = 0.50; then, it raises up to =0.05 in the Zr-
richest samples. However, even in Gd,Zr,0, endmember, the
A site is occupied by = 0.8 Zr ions per cell. The occupation of the
A-site by Zr, and of the B-site by Gd, can be expressed through
cation antisite defects as follows:

Gd} + Zry —>Gd'y + Zr,,

The occupation factor of O3 site (o.f. (O3)) linearly raises with
Xz, as shown in Fig. 2h. For Gd,Zr,0, compound =3.2 oxygen
ions per cell occupy the O3 interstitial site. When o.f. (03) is
normalized in respect to xz, o.f. (03)/x,, function appear to be flat
(=0.4) in the whole compositional range (see red circles in Fig. 2b),
enforcing the idea that Zr is systematically surrounded by a larger
number of oxygen ions in respect to titanium. In particular, in
Gd,Zr,0 the average Zr coordination number should be =6.4.

When one oxygen ion ideally jumps from a O1 site to a O3
one, an anion Anti-Frenkel pair is formed:

05 = V5 + 0703

According to the refined pyrochlore average structure, six too
short 03-01 contacts are formed (dpz_0; = 2.2 A for x,, = 1.0)
that can be reduced to five if the interstitial anion and the vacancy
are close to each other. It is worth supposing that some structural
relaxation/reconstruction takes place around the formed couple to
reduce electrostatic energy, producing the disorder revealed by
the large U values in the Zr-rich part of the phase diagram.

The raise of disorder on adding Zr to the structure is not
unexpected. Ab initio calculations by Jiang and coworkers”
showed that the disordering energy from pyrochlore to disor-
dered fluorite is doubled passing from Gd,Zr,0; (=0.7 eV per
formula unit) to Gd,Ti,O; (=1.5 eV per formula unit). It is
interesting to note that our results point to some hierarchy of
disordering: anion Anti-Frenkel defects appear already at the
smallest Zr doping value and have larger concentration than
cation antisite defects. On the other hand, the pyrochlore peaks
are systematically broader than the structure ones almost in the
same compositional region were Zr/Gd antisite disorder reaches
its maximum value. The coherence length of the pyrochlore
ordering seems to be mostly sensitive to cation swapping, at
least using X-rays as probes.

3.3. Local probes

3.3.1. Raman spectroscopy. The factor group analysis
predicts six Raman active modes for the pyrochlore structure
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type (Aig, Ey and 4T,,).* Since the cations occupy sites with
center of symmetry and their coordinates must be identically
zero during the execution of all even modes of vibration, the
Raman spectrum of the pyrochlore structure is entirely
produced by the anion substructure.® In this regard, the Raman
spectroscopy is a direct probe of the degree of oxygens disorder.

The Raman spectra of Gd,(Ti;_,Zr,),0, samples are pre-
sented in Fig. 3a, where the vibrational modes are labelled from
M1 to M7.

The experimental spectra recorded in this study reproduce
quite well those already reported in the literature for the Gd,(-
Ti;_,Zr,),0; solid solution.'®*%2931:33.8283 Tq jdentify the relevant
bands that change upon Zr-substitution, one may focus on the
spectrum of Gd,Ti,07, which has the sharpest lines among all
the spectra. As shown in Fig. 3a, the weak feature at ~113 cm ™"
(M1) in the spectrum of Gd,Ti,O; sharpens, while the band
situated at =212 c¢cm ' (M2) appears to broaden on Zr-
substitution. The most intense peak centered at ~311 cm™"
(M3) experiences an appreciable broadening with increasing x;,
as well. A band centered at =450 cm ™' (M4) is hardly visible in
the spectrum of Gd,Ti,0,. However, as the Zr-content increases,
M4 rises and shifts towards lower frequencies (i.e. is red-
shifted), until it becomes one of the most prominent features
in the Raman spectrum of Gd,Zr,0, (=400 cm ™). The lines at
~516 cm ' (M5) and =550 cm " (M6) are both blue-shifted
with increasing Zr-content. However, their behavior regarding
intensity is different. Specifically, while the intensity of M5
decreases, the intensity of M6 increases. A subtle spectral
feature is present in the spectrum of Gd,Ti,O; around 690 cm ™"
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Fig. 3 Raman spectra of Gd(Ti;_xZr,)>,O; series between 50 and
1000 cm™ (a) offset on the Y axis. After background subtraction, each
spectrum was normalized between 0 and 100; FWHM of modes M3
and M5 (b) and intensity ratio between modes M5 and M6 (c) as
a function of Zr-content.
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(M7). 1t seems to split into two broad and weak bands for x, =
0.15, 0.25, and then suddenly grows for x,, = 0.50, while being
blue-shifted. The fit of features M1-M7 with Gaussian functions
for the Raman spectra of samples x,, = 0, 0.15, 0.50 and 1.0 are
reported in Fig. ESI3T as examples, while the trends of their
frequency values on varying xz, are displayed in Fig. ESI4.}

The vibrational modes of pyrochlores correspond to spectral
bands that lie approximately in the range 200-600 cm ™' of the
spectrum.®*®* The assignment of Raman bands to the corre-
sponding lattice modes has been done in previous studies by
measuring polarized Raman spectra on single crystals and/or by
theoretical calculations.®**° From the experimental point of
view, no spectrum completely fulfills the selection rules under
light polarization.” Nonetheless, there is a general agreement
on the assignment of the most intense bands, M3 and M5,
which are the fingerprints of the pyrochlore spectrum.’* The
peak M3 is actually consisting of two overlapping modes, T,y
and E,, which are placed at 311 and 330 cm™ ' respectively and
involve O1 at the 48fsite through the Ti-O stretching and O-Ti-
O bending.?*%9%%2-* Gupta and coworkers interchanged their
frequencies.’”*>°¢ The band M5 has also been assigned to two
vibrational modes, which have adjacent frequencies and
symmetry labels A;, and T,,.*** The splitting of these two
modes is more evident in rare earth zirconate and hafnate
pyrochlores.®>”*® The A;, mode is associated with the modu-
lation of xO1 by the vibration of O1 (O, along the [100] axis
toward the O3 (8a) vacant site.'®****'*® Queslati and coworkers,*>
followed by Mori et al.,*>'****> assigned the bands at =300 and
500 cm™ ' to O-Gd-O bending and Gd-O stretching vibrations
respectively, on the basis of the evolution of their wavenumbers
in the Gd,(Ti;_,Zr,),0; solid solution with x,.. More contro-
versial is the assignment of the remaining 7,, modes, which
might be attributed to some of the weaker bands that are visible
in the spectrum of Gd,Ti,O; at =113 (M1), 212 (M2), 450 (M4),
550 (M6) and 690 (M7) cm™'. A brief description of these
additional bands is provided in the following discussion and in
the ESL{

As can be evidenced from Fig. 3a, the peaks M3 and M5 are
clearly affected by line broadening on Zr-substitution. The
corresponding values of FWHM as a function of x, are plotted
in Fig. 3b. In particular, the data for M3 (=311 cm ") are
comparable with those already reported by Hess and
coworkers.” The lines broadening suggests that static disorder
is accumulating within the structure via defects formation.*
The partial loss of translational symmetry at the local scale,
caused by static disorder, relaxes the k = 0 selection rule and
allows phonons from other parts of the Brillouin zone to mix.
This, in turn, results in lines broadening in the spectrum.®
What is striking is the evolution of the M5 line with respect to
the M6 on Zr-substitution. M6 has been regarded as one of the
T,, modes in previous investigations on related pyrochlore
systems.'>**'% However, it might be associated with extra
vibrational modes activated by chemical substitution at the B
site of the structure.'™ It is worth remembering at this point
that O3 is surrounded by four B-cations in the pyrochlore
structure. The progressive filling of O3 (8a) vacant site through
an Anti-Frenkel defect formation would activate a forbidden

This journal is © The Royal Society of Chemistry 2023
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mode related to B-O vibration. The newly activated mode M6
moves toward higher wavenumbers on increasing x and rea-
ches =600 cm ™" for the Gd,Zr,0, compound. The Anti-Frenkel
defect leaves the O1 site depleted, affecting the A;, component
of band M5 ultimately leading to a decrease in intensity of M5
(ref. 91, 105 and 106) (see Fig. 3c). Both the modes related to M5
and M6 harden on Zr-substitution because of short 01-O3
distances in Zr-rich composition, being M5 particularly sensi-
tive to O-O interactions.”'* Indeed, as revealed by Rietveld
analysis, Zr doping in Gd,(Ti; _,Zr,),0; brings to progressive O3
site occupation and O1-O3 distances that are much shorter
than the 01-01 (=2.7 A) and 01-02 (=2.9 A) ones.

Another interesting spectral feature is the broad band at
~700 cm™" (M7), which becomes evident at xz = 0.50 and is
probably a combination of more than just one vibrational
mode. This band is commonly assigned to an overtone or
second-order scattering process related to the main band at
~310 cm™ 829219719 On the other hand, the intensity of such
second order line is quite surprising in comparison with the
other spectral bands of the first order.** DFT calculations have
shown that a T, mode is allowed beyond 700 cm ™! in the case
of Gd,Ti,O, (ref. 93) and La,Zr,O, pyrochlores."® The high
wavenumber suggests that a B-O vibration is involved.****?
Glerup and coworkers assigned this M7 band to a BO; cluster in
line with a gradual disordering from the pyrochlore to the defect
fluorite structure in the Y,Ti,_,Zr,0, solid solution and
a change of the B-coordination number (CN) from 6 to 7 (ref.
113) Sanjuan and et al.*® argues that the actual coordination of B
species is based on preferential CN of each cation involved,
causing a disordering of the oxygen atoms in the solid solution
based on the following mechanism: an oxygen atom moves
from the O1 (48f) site to the vacant O3 (8a), increasing selec-
tively the CN of Zr to 7. Conversely, the CN of Ti should remain
unaffected or even decreased to 5. The presence of Ti atoms in
a 5-fold or 6-fold coordination environment and a random
displacement of the metal from its ideal position in coordina-
tion polyhedron would activate breathing modes above
700 cm ™" (M7). Moreover, it should be noted that this band is
one of the dominant modes associated to B-O stretching in
other fluorite-derived superstructure such as weberite,******
zirconolite’®'*>"¢ and brannerite.""”'*®* This observation may
account for a local ordering in the Gd,(Ti; _,Zr,),05 series that is
different from the pyrochlore or fluorite structure type. Further
insight can be gained by the PDF analysis of the 2D diffraction
data.

3.3.2. Real space analysis of XRPD data. Fig. 4 shows the
experimental G(r) functions in the 1.5-9 A (left panel) and 10-20
A (right panel) ranges. According to the pyrochlore structure,
black * and green # symbols label B-O and A-O G(r) peaks,
respectively in the r < 4.5 A range, while red circles (A-A/B-B)
and blue squares (A-B) label cation-cation distances up to r =
8.5 A.

Focusing first on the high r range, the G(r) of Gd,Ti,0O,
presents sharp and symmetric peaks. Upon increasing compo-
sitional coordinate x;, the peaks progressively broaden. Being
all the G(r) functions collected at the same temperature, the
dynamic (vibrational) contribution to peak broadening should

This journal is © The Royal Society of Chemistry 2023
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G(r)/a.u.

Fig. 4 Experimental PDF functions in the 1.5-9 A (left side panel) and
10-20 A (right side panel) intervals. Black, green, red, and blue symbols
in the left side panels appear in correspondence to the B-O, A-O, A—
A/B-B distances, respectively, according to the pyrochlore structure.
For sake of clarity, the cation-oxygen distances are shown only up to r
= 45A

be similar for all samples. The observed trend is to be attributed
to an increased distribution of the equilibrium interatomic
distances and is a fingerprint of static disorder.””*” All the
experimental G(r) functions were fitted using a pyrochlore
structure, first. Good fits appear for r distances larger than 8 and
9 A. The observed peaks broadening is accounted for by
increasing atomic mean square displacement parameters
values during the fitting process, similarly to the reciprocal
space Rietveld refinement findings. In Fig. ESI5t right panel,
the fits in the 9-22 A interval are shown for all the compositions,
while in Fig. 5 the R,, values are shown as black squares. Moving
on to the short 7 range (1.8 =< r < 8 A), again the G(r) of Gd,Ti,O,
presents sharp and symmetric peaks; by substituting Ti with Zr,
beside broadening, asymmetry in the cation-cation peaks is
observed, for example for those at =6.5 A (with A-A, B-B and
A-B contributions) and at =7.5 A (with A-A, B-B contributions).
The latter peak splits into two in the Zr-richest cases. Applying
the pyrochlore model, good agreement between experimental
and calculated PDFs is observed for Gd,Ti,O- (see Fig. 6a). On
raising x;, the fit quality progressively worsens as reveled by the
fit residuals R,, reported in Fig. 5. All the fits in the 2-8 A range
are shown in Fig. ESI5T left panel, while Fig. 6b and c display the
cases of xz, = 0.50 and 1.0, respectively. Passing from pure Ti to
pure Zr compounds, static disorder, which is related to peak
broadening, causes again the increase of the atomic displace-
ment parameters, in particular for Ugq (from 0.0034 A% to 0.016
A%) and Ug (from 0.021 A to 0.049 A%). In addition, fit failures
appeatr, especially for the shortest cation-oxygen distances (1.4-
2.4 A interval) and for the peaks centered at =3.9 A, =6.5 A and
7.5 A, which correspond to the most intense metal-metal
correlations. This finding suggests extended relaxation of the
cations positions that the pyrochlore structure cannot account
for, because no cationic positional degrees of freedom are
allowed in it. Accordingly, EXAFS investigations on the Zr-K and
Gd-L; edges revealed that different cation—cation distances exist
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Fig. 5 Residuals of G(r) fits as a function of composition. Black circles
and squares refer to pyrochlore structural model in the 1.8—-8 A and 9—
22 A intervals, respectively. Red triangles refer to a biphasic fit with
defect free Gd,Ti,O; and Frenkel defective relaxed Gd,Zr,O; pyro-
chlore phases. In the inset is reported the fraction fg, of the defective
GdyZr,0O5 pyrochlore phase. Dashed lines are guides for the eyes. See
main text for details.

in Gd,Zr,0; and that the cations shift from the high symmet-
rical sites of the pyrochlore structure.'®** It is worth mentioning
that some splitting of the second coordination sphere consist-
ing of cation—cation correlations was observed even in the case
of Gd,Ti,0,.*>"*® Our PDF results revealed peaks splitting up to
~8 A in the G(r) functions of the Zr rich side of the phase
diagram, fixing a lower r limit for the coherence length of
structural distortions. Two scenarios are possible: on one hand,
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symmetry could decrease locally, to account for the different
characteristic of Zr ions in respect to Ti ones forming (sub)
nanodomains that merge into a higher symmetry structure at
larger scale. On the other hand, point defects such as, for
example, the anion Anti-Frenkel defects detected by the recip-
rocal space analysis and by Raman spectroscopy could form
extended clusters that distort the structure up to almost one
nanometer.

As to the former scenario, previous investigation on Ho,(-
Ti;_,Zr,),0 system highlighted similar progressive structural
disordering while substituting Ti with Zr. Taking as an example
Ho,Zr,0,, which crystallizes in the cubic defect fluorite struc-
ture at the average scale, orthorhombic Ccmm weberite-type (a
non-standard setting of e.g. Cmcm space group, n° 63) have been
invoked by Shambling and et al., to interpret its local structural
arrangement up to 15 A, as revealed by neutron PDF.* On the
other hand, Drey and co-workers* revealed compositional and
symmetry fluctuations at the local scale in the Ho,(Ti; ,Zr,),0;
system. These fluctuations consisted of pyrochlore-like
Ho,Ti,O, and weberite-like (C222;) Ho,Zr,0, nanodomains.
In both Ccmm and C222; weberite-type models, cations are
located in three crystallographic non-equivalent sites, one 8-
fold coordinated for Ho (HoOjg cage), one 6-fold coordinated for
Zr (ZrO¢ cage), and one 7-fold coordinated shared by both
cations ((Ho/Zr)O; cage). The coordination of this latter site can
be regarded as derived from a different ordering of oxygen ions,
which results in the occupation of some of the anion sites
previously empty in the pyrochlore structure (O3 sites).* It is
worth noting that a group-subgroup relationship exists
between the aristotype fluorite and the weberite-type models,***
allowing the structure of Zrrich Ho,(Ti; ,Zr,),0, solid
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Fig.6 Experimental (light blue circles), calculated (red curves) and difference (green curves) G(r) functions in the 1.8—8 A. Panels (a—c) report the
function relative to xz, = 0, 0.50 and 1.0 samples respectively, fitted using the pyrochlore model. In panels (d—f) the function of the Gd,Zr,O-,
sample was fitted using the weberite-type P222;, Pmma models, and with the Frenkel defective relaxed pyrochlore phase, respectively. In panels
(g—i) the function relative to xz, = 0.25, 0.50 and 0.75 samples, respectively were fitted using a biphasic fit with defect free Gd,Ti,O; and Frenkel
defective relaxed Gd,Zr,O; pyrochlore phases. See main text for details.
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solutions and pure Ho,Zr,0, to converge to the defect fluorite
structure at the average scale. The case of Gd,(Ti; ,Zr,),0; is
different from the A = Ho one, because pyrochlore and
weberite-type polymorphs belong to different branches of the
same group-subgroup tree. The local Gd and Zr mixing of
weberite-type is hardly compatible with the (almost) perfect
cation ordering detected in Gd,(Ti;_,Zr,),0,; compounds at the
average scale. Nonetheless, the weberite-type models described
above allow mapping the tendency of Zr to enlarge its coordi-
nation number and supply the needed positional degrees of
freedom to cations in order to shift their positions in respect to
their highly symmetrical sites in pyrochlore. For this reason, we
applied two modified weberite-type models to the fitting of the
G(r) functions, where the same cation ordering as in pyrochlore
is retained causing in both cases the removal of the C face
centering. In this way, €222, and Ccmm models turn into P2224
and Pcmm (a non-standard setting of Pmma space group),
respectively. As described in Section 3.1, removing the C face
centering increases the number of symmetry independent
atomic sites as well as the atomic positional degrees of freedom,
so lowering the experimental-points to variable-parameters
ratios to unsafe low values. Consequently, the experimental
G(r) of Gd,Zr,0- has been fitted in the 1.8-8.0 A interval with
both weberite-type models P222; or Pmma preserving the
symmetry constrains of €222, and Cmcm (see Fig. 6d and f,
respectively). In order to further reduce the number of degrees
of freedom, only the parameters that varied significantly in
respect to their special positions in fluorite were allowed to vary.
Additionally, three cell parameters, a scale factor, a short range
correlated motion parameter (delta2 in PDFGui) and four
atomic mean square parameters (one for each of the three
cationic sites and one for oxygen) were allowed to vary, for
a total number of 16 varied parameters for the former and 15
varied parameters for the latter model. Considering that the
number of independent points is 7 = Qmax (Tmax — 7min)/T =
51.3, at least 3 independent data per parameter are present.

Both models significantly improve the fit quality in respect to
pyrochlore (R,, = 0.094 and 0.091, respectively). However, in the
refined structure derived by the constrained P222; model, non-
physical oxygen-oxygen distances appear; for this reason, the
following discussion deals only with the (constrained) Pmma
model. Atoms coordinates are listed in Table 1.

As shown in Table 1, only the cation y coordinates of the Gd/
Zr 4k sites are shifted significantly from their special position
(0.2385 and 0.7385 instead of 0.25 and 0.75). This causes a one-
dimensional modulation of the cation-cation distances, allow-
ing resolving the G(r) misfits at =3.9 A, =6.5 A and =7.5 A. In
particular, while according to the pyrochlore structure all the
nearest cation—cation distances should be at =3.71 A, the
applied weberite-type model allows these distances to span in
the 3.63-3.76 A range. As shown in Fig. 6e, the modulation
expands to larger interatomic distances allowing the splitting of
cation-cation correlations even at =7.5 A. Peak broadening is
partially accounted for by the increased positional degrees of
freedom, but the mean square parameters U still take large
values for the 6-coordinated cation and for the O sites (0.031 A?
and 0.035 A% respectively).

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

Tablel Weberite-type modelin Pmma space group with cell axesa =
7.2693(2) A, b = 7.6552(3) A, ¢ = 10.4587(4) A employed in the Real
space analysis of the local structure of Gd,Zr,0O5. Fixed coordinates are
shown as fractions or zeros

Atom Wyckoff letter x y z Occ
Gd1 2b 0 1/2 0 1
Gd2 2c 0 0 1/2 1
Gd3 4k 1/4 0.2385 0.75 1
Zr1 4k 1/4 0.7385 0.25 1
Zr2 2a 0 0 0 1
Zr3 2d 0 1/2 1/2 1
o1 8l 1/2 0.2192 0.8788 1
02 8l 1/2 0.7192 0.3788 1
03 2e 1/4 0 0.0485 1
04 of 1/4 1/2 0.5485 1
05 2f 1/4 1/2 0.0864 1
06 2e 1/4 0 0.5864 1
o7 2f 1/4 1/2 0.8348 1
08 2e 1/4 0 0.3348 1

The present results agree with the model proposed by
Shambling and coworkers®® on A = Ho compound, with the
noticeable difference that significant cation ordering is retained
in the A = Gd system. These authors extended positively the
same model up to 15 A, determining the coherence length of the
weberite-type nanodomains. Accordingly, we expanded the
same model up to at least the length of the ¢ axis. Fig. ESI6T
shows the fits in the 1.8-11 A interval. If the model is expanded
as such, without refining any parameter, a very worse fit is ob-
tained (R, = 0.213, see Fig. ESI6af). Relaxing the structure
improves the residuals (R, = 0.120, see Fig. ESI6bT) but results
in the reappearing of the misfits already observed for the
pyrochlore model (R, = 0.136, see Fig. ESI6ct), despite the
much larger structural degrees of freedom of the former model.
This suggests that the weberite-type ordering, if present, has
a coherence length smaller than one translation vector along its
c cell axis. This sows the seed of doubt that a different structural
distortion exists mimed by weberite-type structural features,
which permits larger coordination numbers for (half of) the Zr
ions and modulation of the cation-cation distances.

Despite the shortcomings above described, the modified
weberite-type Pmma model has been applied to solid solutions
in the 1.8-8 A range, substituting progressively Zr with Ti on the
BOg site first, and then on the BO; one. The main finding is that
the weberite-type model fits the data better than the pyrochlore
one as long as TiOg polyhedra are formed (down to x, = 0.50),
while for larger Ti concentration, when TiO, polyhedra are
introduced in the model, the pyrochlore model has to be
preferred in respect the weberite-type structure (see residuals in
Fig. ESI7Y).

As a possible alternative, we tested a completely different
approach. Instead of looking for some local coherent
symmetry break, following the Rietveld refinements results
and starting from the average pyrochlore structure, we intro-
duced Anti-Frenkel defects. As described in the next section,
oxygen ions were moved from the O1 to the O3 sites and the
energies of the derived structures, relaxed by means of force
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field (FF) and Density Functional Theory (DFT) calculations,
were evaluated.

3.4. Atomistic calculations and derived G(r) functions

The weberite-type Pmma, as well as the ideal pyrochlore struc-
ture containing anion Anti-Frenkel defects of Gd,Zr,0,
composition, were relaxed in a two steps procedure, first using
a simple polarizable force field, then by DFT.

To simulate the partial occupations of the O3 site (empty in
the pyrochlore structure), we generated 300 atomistic configu-
rations of Gd,ZrO, by randomly selecting one, two and three
oxygen ions sitting in the O1 (48f) sites and placing them in the
empty O3 (8a)sites.

Since DFT calculations on the 88-atoms cell are quite
expensive, we relaxed the atomic positions in two steps: first
using a polarizable core-shell potential.”® Then, we selected the
lowest energy configurations and performed a more accurate
relaxation at the DFT level with Quantum Espresso 6.8.°% We
used “fin-core” ultrasoft pseudopotentials*** with a plane wave
cutoff of 45 Ry. The electron interaction was treated with the
PBE exchange and correlation functional.

Note that the force field*® yields in rare cases a Zr-O bond of
~1.8 A, which is way too short than the Zr-O bonds found in
ZrO, polymorphs™* and amorphous zirconia.”® Therefore, we
discarded the structures showing too short Zr-O bonds (<1.8 A).

In agreement with DFT calculations reported in the
literature”*****¢ for Gd,Zr,0-, the weberite structure is slightly
more stable than the pyrochlore by 0.014 eV per formula unit.
Interestingly, the AFr defects have negative formation energies
of about 0.5 eV per defect on average. We observed that even
when starting from 2 anti-Frenkel defects, the structure relax-
ation leads to the formation of further AFr defects, up to 5
defects in the 88-atom cell, both with FF and with DFT. This can
be due to the tendency of Zr to increase his coordination
number. The FF is unable to predict a negative AFr formation
energy, while DFT accounts correctly for the relaxation of the
electronic structure due to the formation of Zr-O bonds.

The atomistic configurations obtained by minimizing the
energy of the partially occupied O3 sites show distinct features.
If only one O3 site out of eight is occupied (AFr-1), the oxygen
ions tend to stay close to the tetrahedral site, leading to
a negligible distortion of the cation and anion sublattices. In
Fig. 7b a typical AFr-1 configuration is depicted. Within it (and
in the following panels), red spheres indicate oxygen ions close
to the ideal O1 and O2 sites, while yellow spheres indicate
oxygen ions close to the ideal O3 sites, that should be empty in
the pyrochlore structure.

Calculated G(r) functions have been produced starting from
the calculated ideal pyrochlore structures and the defective
models, using PDFGui, fixing Qmax, and the instrumental
parameter Qgamp to the experimental conditions and adopting
for all the atoms the same (small) atomic mean square
displacement parameter (=0.003 A?).

As shown in Fig. 7e, the simulated PDF of these configura-
tions (blue curve) is similar to that of the ideal pyrochlore
structure (black curve), thus the isolated Anti-Frenkel defect
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G(r)/ a.u.

Fig.7 (a—d) Examples of DFT optimized atomistic configuration of the
Frenkel pairs defect complexes. Zr and Gd are green and purple in
color. (a) ideal pyrochlore; (b—d) configuration with one (b), two (c) and
three (d) Frenkel pairs; green and violet spheres represent Gd and Zr
ions, respectively. Red spheres indicate oxygen ions close to the ideal
01 and O2 sites. Yellow spheres represent the ones close to the O3
positions. (e) Simulated PDFs of the atomistic simulation. Black curve:
G(r) of ideal pyrochlore; blue curve: G(r) calculated from configuration
(b); red curve: Glr) calculated from configuration (d). Arrows indicate
the direction of the changes of some peaks intensities on increasing
the number of Frenkel pairs.

does not provide a good description of the local structure.
However, some peak broadening is apparent, due to structural
relaxations (see e.g. the shortest M-O distances and the A-B one
at r = 5.5 A). The situation is different when two or more O3
sites are occupied. In most cases, the minimization of the total
energy leads to sizable rearrangement of the cation and anion
sublattices whose structure mainly depends on the number of
anion Anti-Frenkel pairs per cell. Fig. 7c and d depict repre-
sentative structures when two (AFr-2) or three (AFr-3) defect
pairs are present, respectively. Enlarged versions of Fig. 7c and
d are reported in the ESI (Fig. ESISA and 8Bt) with selected Zr-O
distances.

As shown in Fig. 7c and d, the Anti-Frenkel pair defects tend
to cluster around one Zr ions, and to form defect complexes
consisting in one oxygen moving towards the edges or the faces
of the Zr tetrahedra, accompanied by one or more anion Anti-
Frenkel defects. Further stabilization of this defect complex is
of electrostatic origin and is provided by the modulation of the
cation distances that tends to screen the charge of the oxygen.
In fact, while in the ideal pyrochlore the first neighbor cation-
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cation distance is 3.72 A, in this defect complex, the first
neighbor Zr-Zr distance becomes shorter (3.44-3.69 A) while
the next nearest Zr-Zr distance increases slightly. In addition,
the Zr ions have the tendency to increase their coordination
number by displacing one oxygen ion from the ideal position to
a “bridging” position with a Zr-O distance of =1.9 A. The
shortest O-O distance was 2.45 A.

These complex structural reorganizations deeply affect the
calculated G(r) function. The one relative to AFr-3 configuration
is depicted as a red curve in Fig. 7e. Beside the additional peak
broadening, the double peak structure 2-2.5 A interval disap-
pears due to the spread on the Zr(Gd)-O nearest neighbor
distances. In addition, the modulation of cation—cation
distances causes the growth of the shoulder (=3.8 A) at the
right side of the most intense G(r) peak, whose maximum is
shift toward shorter r values. Finally, additional shoulders form
in the 5-8 A range.

The evolution of the calculated G(r) functions on adding
Anti-Frenkel pairs to the structure mimes the changes of the
experimental ones on progressively substituting Ti with Zr,
apart the lattice expansion due to the larger ionic radius of the
latter ion in respect to the former one. The appearance of the
high-r shoulder to the cation—cation peak around 7.5 A testifies
that the coherent structural distortion related to defect clus-
tering extend up to almost 1 nm. In addition, we note that in all
calculated G(r) all the atomic mean square displacement
parameters are fixed to the same value (=0.003 A%). The peak
broadening observed in Fig. 7e is totally accounted by structural
relaxation.

The relaxed optimized structures exploiting the lowest
energies have been adopted to fit the experimental G(r) of
Gd,Zr,0, in the 1-8-8 A interval, taking fixed the atomic posi-
tions and varying a scale factor, correlated motion parameter,
the cell a constant of the cubic cell and three atomic means
square displacement (one for Gd, Zr and O ions) parameters. In
the following they will be referred to as “Anti-Frenkel (AFr)
models”. Applying each configuration separately, the AFr-1
model lower the R, value to 0.151. When two (AFr-2) or three
(AF-3) defect couples are formed, the residuals R, are further
reduced to 0.121 and 0.122, respectively.

Low energy Frenkel defect configurations should be simul-
taneously present in the sample and, therefore, the next step
was to use a combination of the AFr-2 and AFr-3 models to fit
the experimental G(r) of Gd,Zr,0, in the 1.8-8 A interval, as
depicted in Fig. 6f. The low residuals (R,, = 0.096) testify the fit
quality. It is worth noting that in this fit only 8 parameters are
varied, increasing the points/parameter ratio to 6.9. The applied
model does not imply a priori any long-range structural corre-
lation, such as the cation-cation distance modulation along the
y direction of the weberite-type structure; however, a good fit
appears up to 8 A, suggesting again that clustering of Frenkel
defects causes distortions up to this value. Also, atomic mean
square displacement values for Gd,Zr,0 are very similar to the
ones fitted for pyrochlore Gd,Ti,O; being Ugq, Ug and Up =
0.003 A% 0.006 A* and 0.021 A” respectively for the former and
Uo = 0.003 A%, 0.007 A% and 0.021 A” respectively for the latter
case. As a last comment on the present fit, the phase fraction of
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the AFr-3 configuration (=0.64) is almost two times the phase
fraction of the AFr-2 model (=0.36).

The AFr models have been extended to solid solutions.
Including Ti to calculations would have brought to an explosion
of the number of possible configurations, making quite hard or
even impossible the comparison to experiments. For this
reason, the AFr models of Gd,Zr,0, were flanked by a pyro-
chlore Gd,Ti,O, phase. For each AFr model, only the cell
constant and one scale factor were varied, while for the pyro-
chlore phase also the xO1 parameter was considered. Three
overall U parameters (Ugq, Urijzr, Uo) were refined. Preliminary
tests using three phases (AFr-2, AFr-3 and pyrochlore) brought
to correlations among the scale factors and, in most cases, the
one of AFr-2 was reduced to zero. Consequently, we used
a biphasic model in the final refinements, including only the
AFr-3 and a pyrochlore model. In Fig. 6g-i the fits for x = 0.25,
Xzr = 0.50 and xz = 0.75 are shown, respectively.

Increasing Ti concentration, smoothly lowers the R, resid-
uals (see red triangles in Fig. 5); for x,, = 0.50, the fit quality
clearly exceeds the one of pure pyrochlore, while for x,, = 0.25
and 0.15 they are quite similar. In the inset of Fig. 5 is shown the
atomic fraction of the AFr (fyg). For the largest Zr concentra-
tion, x,, and fg, values are in suitable accord. For xz, = 0.50, fg,
=~ 0.41 while for x,, = 0.25 and 0.15, fg is 0.075 and 0.0445,
respectively. To introduce in the model the correct Zr/Ti ratio in
these last cases, the pyrochlore phase was suitable doped with
Zr following an iterative procedure. The small weight of the
Frenkel phase suggests that in these samples either the
concentration of Frenkel defects is lower than expected in
reference to the Zr concentration, or the structural relaxation is
somewhat dampened. In fact, the atomic positions in the AFr
phase have not been changed in respect to the AFr-3 model
computed for Gd,Zr,O; compound. In both cases, Titanium
stiffens the crystal structure.

4. General discussion

The structural disorder induced by chemical substitution in
Gd,(Ti; _,Zr,),0, solid solution has been studied at different
length scales. First, High Resolution X-ray Powder Diffraction
revealed that the average structure of these materials is
pyrochlore-like throughout the whole compositional range and
Rietveld analysis shed light on how the disordering mechanism
evolves at this length scale. The occupation of the O3 (8a) site
with oxygens coming from the O1 (48f) site confirms that the
pyrochlore structure can accommodate a certain amount of
disorder through Anti-Frenkel defects formation (Fig. 2 panel
H). At the same time, the remaining O1 oxygens tend to move
away from the newly occupied O3 site, as evidenced by the
increasing xO1 coordinate (Fig. 2 panel E). A similar behavior
was observed in the case of Y,(Ti;_,Zr,)207," Y,(Sn;_,Zr,),0;
(ref. 18) and Hoy(Ti;_,Zr,),0, (ref. 35) systems. However, in
those cases the Zr-endmember adopts the defect fluorite
structure at the average scale and a sudden surge in cation
antisite defects with A- and B-cations exchanging places was
reported (specifically for 0.6 < xZr < 0.9). As previously stated,
even though Gd,Zr,0, has a radius ratio of r,/rg = 1.46 and is
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prone to disorder being at the boundary of the stability fields of
pyrochlore and defect fluorite,'*** there is no phase transition at
the average scale in the compositions under investigation.
Moreover, it is important to remember that the samples were all
produced at a temperature of 1500 °C, which is lower than the
temperature required for a transition from pyrochlore to defect
fluorite in the Gd,Zr,0 system.*>***” Nonetheless, as suggested
by Willimson-Hall analysis (Fig. ESI1t), the coherence of
pyrochlore ordering diminishes in the Zr-richest part of the
solid solution, where moderate A/B swapping is present (Fig. 2,
panel G). The pyrochlore model that was employed for Rietveld
refinements of HR-XRPD patterns clearly does not account for
the complete disorder that exists within the structure. Evidence
shows that there is a rise in the Ui, parameters as x, increases
(Fig. 2 panel F), indicating an escalation in static disorder.>*"'*”
Raman spectroscopy supports this idea, as the broadening of
spectral bands and the activation of new spectral features
indicate an increment of disorder in the anion sub-structure.*
The activation of mode M6 and the concomitant decrease of
mode M5 (Fig. 3) can be directly related to the formation of
anion Anti-Frenkel defects between the O1 (48f) and O3 (8a). It
appears that the oxygen atoms play a major role in the dis-
ordering mechanism, while cation antisite defects have only
a minor contribution.

To explore the source of this static disorder, the short-range
structure was investigated through the analysis of pair distri-
bution function. The pyrochlore structure is still the best choice
for the description of the structure for interatomic distances r
larger than 8 and 9 A in the whole compositional range of
Gd,(Ti;_,Zr,),0,. At these coherence lengths, disordering is
identifiable by the progressive broadening of G(r) peaks. At low r
values, only the structure of Gd,Ti,O, and of the Ti-richest solid
solutions can be suitably described by using the pyrochlore
model. On the other hand, introduction of Zr*" induces
a broadening of all cation-cation peaks and the appearance of
shoulders that cannot be modelled simply by introducing
oxygen Anti-Frenkel and cation antisite defects in the undis-
torted pyrochlore structure, because they would not affect the
cation—cation distances. As suggested also by Raman measure-
ments, a lowering of the local symmetry with respect to the long-
range pyrochlore arrangement is required to properly describe
all these correlations. In this regard, following the approach of
Shambling and co-workers* for Ho,Zr,O,, the weberite-type
model (s.g. Ccmm) was introduced to describe the local struc-
ture of Gd,Zr,0,. This model implies the occupation of one 8-
fold coordination site (4b) by the A cation, one 6-fold coordi-
nation site (4a) by the B cation and one 7-fold coordination site
(8g) equally shared by both cations. It was already stated that an
important difference exists between Gd,Zr,05 in this study and
Ho,Zr,0,: when A = Ho, the average structure is defect fluorite,
while when A = Gd an average pyrochlore structure is retained.
Therefore, it is plausible to assume a local mixing of Ho/Zr in
the 7-fold coordination site of the weberite-type model for
Ho,Zr,0,. Instead, in the present study a Gd/Zr ordering was
preserved at the local scale for Gd,Zr,O, by reducing the
symmetry to Pmma and, at the same time, applying suitable
constrains to maintain a reasonable data/parameters ratio.
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Good fits were obtained at the local scale (2-8 A) for both
Gd,Zr,0, compound and Zr-rich Gd,(Ti;_,Zr,),0; solid solu-
tions, progressively substituting Zr with Ti on the ZrOs site.

This method provides the structural degrees of freedom
needed to model the PDFs at low r values and Ti*" and Zr** tend
to maintain their preferential CN.****® In fact, while the small
Ti*" cation prefers a pseudo-octahedral coordination such that
of the B site of the pyrochlore structure, the larger Zr*" enters
the seven-fold coordination site in the weberite-type structure. A
CN of 7 is also found for Zr*' in the stable phase at room
temperature of ZrO,, the monoclinic zirconia.'*® Obviously, this
“rule” can be ideally respected by weberite-type models only for
the Gd,(Tig.5Z1¢.5),0,; composition.

Attempts to extend the weberite-type model to larger r values
(e.g. up to =11 A, about one c cell parameter) failed, questioning
the presence of a coherent weberite-like local symmetry reduc-
tion. As a matter of fact, the application of the weberite-type
structure to the description of the short-range ordering in Gd,(-
Ti; _,Zr1,),0, pyrochlore and related compounds is still debated.
For example, Marlton and co-workers studied the long- and short-
range structure in the Y,(Sn,_,Zr,),0; system.”” According to
them, the good fits of the X-ray and neutron PDFs with the
weberite-type model obtained for the Ho,(Ti; ,Zr,),0; series by
Drey* and Shambling®® were essentially due to data collected at
room temperature. The thermal broadening of the peaks would
have hidden subtle structural features, which could not be
properly modelled with the weberite-type. Our diffraction data
were collected at 90 K to reduce the thermal broadening of G(r)
peaks. The use of X-rays allowed us to highlight the cation
contributions to the structural distortions that seems to have an
important role in the investigated systems. Conversely, the high
neutron absorption cross section of natural Gd hinders the use of
neutron diffraction that would supply a more accurate picture of
the oxygen contributions. This shortcoming and, most impor-
tant, the very short range of the “weberite-type ordering” have
prompted us to take alternative path.

We performed DFT calculations on the Gd,Zr,0, compound,
applying the Pmma weberite-type and the pyrochlore structures.
In the latter case, both perfect and Anti-Frenkel pairs containing
models were elaborated. Starting from the relaxed structures,
we calculated the G(r) functions and fitted them against the
experimental one collected on Gd,Zr,05 taking fixed the atomic
positions. A very good agreement was found for AF-2 and AF-3
configurations, which well modelled the G(r) features up to r
= 8 A, despite the small number of variable parameters. We
noted that, in contrast with the weberite-type model, the atomic
mean square displacement parameters for Gd,Zr,O, are very
similar to those fitted for pyrochlore Gd,Ti,O;, enforcing the
idea that the formation of oxygen Anti-Frenkel defects and
clustering suitably interpret the local structure of the B = Zr
compound and the origin of the structural distortions.

To extend the same approach to the solid solutions, we
applied a biphasic model, where the relaxed structure of AF-3
Gd,Zr,0, phase was flanked by a defect free pyrochlore
Gd,Ti,O; phase. Good fits were obtained in the whole
compositional range, especially in the 0.5 = xz, = 1 interval,
notably without introducing any atomic degree of freedom in
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the defective phase. In the Ti-rich part of the solid solution,
the phase fraction of the defective structure seems to be
smaller than the nominal x;, composition, suggesting that
large Ti concentration stiffens the structure, in accord to the
trends of the U parameters, as calculated from the Rietveld
refinements.

The DFT field calculations supplied also the formation
energy for each phase at 0 K, showing that the weberite-type
phase of Gd,Zr,0, is marginally more stable than the pyro-
chlore structure suggesting the reason of a possible weberite-
like local distortion. However, the creation of an isolated Anti
Frenkel defect from the ideal pyrochlore is energetically favored
due to tendency of Zr towards increasing its coordination
number. Next, the coalescence of multiple Anti Frenkel defects
is stabilized by the modulation of the cation distances via
electrostatic screening of the O®~ charge. Moreover, it is
conceivable that at finite temperature, the formation of a defect
complex is further favored by the configurational entropy Sc.

An accurate thermodynamic analysis is behind the scope of
this paper. However, we note that in case of Anti-Frenkel defects
the configurational entropy Sc is the sum of the ones due to O1
vacancies (Sy) and interstitial O3 oxygen (S;) formation.
Considering the concentration of O3 ions computed by Rietveld
refinement for Gd,Zr,0, (=3 ions per cell) and the multiplicity
of O1 (48) and O3 (8), we can estimate the configurational
entropies as:

Sy = —n R [(3/48) log(3/48) + (45/48) log(45/48)] = 0.23379 n R
Sy = —n R[(5/8) log(5/8) + (3/8) log(3/8)] = 0.66156 n R,

where n is number of moles and R is the perfect gas constant.
Note that the O3 interstitial oxygen provides the largest
contribution to the configuration entropy.

At the temperature used for the synthesis (1773 K), the
configurational entropy contribution to the Gibbs free energy
can be roughly evaluated as —T S¢ = —T (Sy + S) =
—13.20 kJ mol ! = —1.09 eV for the 88-atoms cell. This lowering
of the free energy contributes further to the stabilization of the
defective pyrochlore. Please note that in this simple estimate,
the vibrational entropy due to structural relaxation around
defects has not been considered. In addition, in our model
computations we did not consider the contribution of the
swapping of Gd/Zr ions (1/16 in pure Zr compound) both to
enthalpy and to configurational entropy.

Although the weberite-type model appears to suitably
describe the local structure in disordered pyrochlores®>**>4* as
a coherent symmetry decrease, our study points to an alterna-
tive scenario. Our experimental results on the Gd,(Ti; _,Zr,),0-
solid solution can be interpreted in terms of clusters of defects
that induce structural relaxations. This outcome reinforces the
idea that the weberite-type structure might not be the definitive
answer and the question of properly describing the short-range
structure in disordered pyrochlore systems requires further
research. The development of new structural models will be
fundamental in the understanding of pyrochlore materials
designed for radionuclides immobilization.

This journal is © The Royal Society of Chemistry 2023
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5. Conclusions

In this paper we investigated the crystal structure of the Gd,(-
Tiy_,Zr,),05 system in sight of its potential usage in the field of
radionuclides disposal. To this purpose, we used synchrotron
radiation powder diffraction, analyzing the data both in the
reciprocal (Rietveld refinements and Williamson-Hall analysis)
and in the real space with Pair Distribution Function analysis,
Raman Spectroscopy and DFT calculations.

The main findings can be summarized as follows:

(i) Although all samples retain the pyrochlore structure at
the average scale, Rietveld refinements of HR-XRPD patterns
revealed a gradual increasing of anion Anti-Frenkel defects
(0§, — Vg, +0"03) with increasing Zr-content. Conversely,
a small concentration of cation Zrgq/Gdy. antisite defects
(Gd) +zr; —>Gd's + Zr,) appears only at the highest xy,
values.

(if) Raman spectroscopy enforces the idea of oxygen anions
responsible for the increasing structural disorder in the solid
solution upon Zr-substitution. A dramatic change in the spectra
occurs when xZr = 0.5; the main pyrochlore bands broaden and
new spectral lines suggest that the source of the disorder needs
to be sought at the local scale in Zr-rich compositions.

(iii) Analysis of G(r) functions of all the samples shows that
with increasing xZr, modulations of the cation-cation distances
not compatible with the pyrochlore structure appear up
to r = 8 A. At first, a Pmma weberite-type model providing
positional degrees of freedom and increasing average
Zr-coordination was tested in the fitting of experimental G(r) of
Zr-rich samples. The short coherence length of this structural
model (less than c cell constant) has led to another approach.
DFT calculations were employed to generate disordered pyro-
chlore cells in Gd,Zr,0O, composition where variable numbers
of AFr defects were introduced and the structures were allowed
to relax. The lowest in energy among these structures were
suitably fitted against the experimental data without further
relaxing the structures, apart cell constants and U parameters.
These last models was extended to solid solutions with Ti
confined in defect free pyrochlore Gd,Ti,O, phase.
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