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ABSTRACT: The structural evolution of lanthanide A,TiOs (A = Dy, Gd, Yb, Er) at high
pressure is investigated using synchrotron X-ray diffraction. The effects of A-site cation size
and of the initial structure are systematically examined by varying the composition of the
isostructural lanthanide titanates and the structure of dysprosium titanate polymorphs
(orthorhombic, hexagonal, and cubic), respectively. All samples undergo irreversible high-
pressure phase transformations, but with different onset pressures depending on the initial
structure. While each individual phase exhibits different phase transformation histories, all
samples commonly experience a sluggish transformation to a defect cotunnite-like (Pnma)
phase for a certain pressure range. Orthorhombic Dy,TiOs and Gd,TiOg form P2;am at
pressures below 9 GPa and Pnma above 13 GPa. Pyrochlore-type Dy, TiO; and Er,TiOj as well
as defect-fluorite-type Yb,TiO; form Pnma at ~21 GPa, followed by Im3m. Hexagonal
Dy, TiO;s forms Pnma directly, although a small amount of remnants of hexagonal Dy, TiOy is
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observed even at the highest pressure (~SS GPa) reached, indicating kinetic limitations in the hexagonal Dy,TiO; phase
transformations at high pressure. Decompression of these materials leads to different metastable phases. Most interestingly, a
high-pressure cubic X-type phase (Im3m) is confirmed using high-resolution transmission electron microscopy on recovered
pyrochlore-type Er,TiOs. The kinetic constraints on this metastable phase yield a mixture of both the X-type phase and
amorphous domains upon pressure release. This is the first observation of an X-type phase for an A;BO5 composition at high

pressure.

B INTRODUCTION

A,TiO4 compositions (A = lanthanides, Y) are of great interest
because of their high dielectric constants, low susceptibility to
radiation damage, high ion selectivity, thermal stability, and
robust mechanical strength.'™* These compounds find use as
neutron absorbers in control rods,™ electrolytes in solid oxide
fuel cells,’™ charge-trapping flash memory devices,'’ bio-
sensors,” and gates for electrolyte—insulator—semiconductor
devices.!

Early studies reported a general phase diagram for the
A,TiOg series, which exhibits polymorphic phase trans-
formations as a function of A-site cationic radius and
temperature.'' ~'> On the basis of these studies, A,TiOj
under ambient conditions exists in either (1) an orthorhombic
structure for materials with A-site cations equal to or larger than
Ho (La—Ho), or (2) a cubic structure for materials with A-site
cations equal to or smaller than Y (Dy—Lu, Sc, and Y) (Figure
1). For orthorhombic A,TiOs (Pnma; 0-A,TiOs), the A-site
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cation is in 7-fold coordination, forming a monocapped
octahedron, while Ti is coordinated to five oxygens, forming
an off-center square pyramid.''”"> There are no mixed-
occupancy sites, and the neighboring polyhedra share corners
to form a chain along the c¢ axis. The cubic A,TiO; adopts either
a pyrochlore-type phase (Fd3m; p-A,TiOg), which is
isostructural with rare-earth titanates of A,Ti,O, stoichiometry
(with the exception of La,Ti,O,), or a defect-fluorite phase
(Fm3m; df-A,TiOs). These two cubic structures are related and
are derived from the AO, fluorite structure.'*'® However, the
pyrochlore-type (p-type) structure has an ordering of vacant
anion sites on the fluorite-like anion sublattice and of the two
cations.'*"> The defect-fluorite structure has both A and B
disordered over a single site with randomly arranged vacancies
on the anion sublattice, maintaining charge balance. The long-
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Figure 1. Temperature stability diagram for the series of compounds
with A, TiO; stoichiometry, adapted from Shepelev and Petrova.'” The
structures of orthorhombic, hexagonal, pyrochlore, and defect-fluorite
A,TiO; are shown for each (from left to right).

range isometric ordering in A,TiOs mainly depends on the
synthesis method (e.g, coprecipitation, shock-wave processing,
solid-state reaction, and ball milling) and the A-site cation
radius.'® Under the same synthesis conditions, smaller A-site
cations (e.g,, Yb) tend to yield a defect-fluorite structure. This
is attributed to an enhanced disordering of the corner-shared
tetrahedral networks from cation mixing that is facilitated by
the low formation enthalpy of antisite defects associated with
their size similarity to Ti. The different subgroup (ordered-
pyrochlore versus disordered-fluorite) of this cubic phase can
also be modified by varying the cooling rate, such that a slower
cooling results in an ordered pyrochlore phase, while fast
quenching from high temperature results in a fluorite structure
due to kinetic limitations on ordering.'~"”

In addition to orthorhombic and cubic phases, a hexagonal
polymorph (P6y/mmc; h-A,TiOs) is formed for A,TiOg
materials at high temperature (>1350 °C, 1 atm), when the
Assite is occupied by Eu—Ho. This hexagonal phase exhibits an
ABABAB layered close-packed configuration with six layers, of
which the first, second, fourth, and fifth layers are occupied by
octahedrally coordinated lanthanides. The third and sixth layers
are mixed sites, partially occupied by the lanthanide and Ti
cations. As is the case for the cubic phases, a metastable
hexagonal polymorph can be recovered via high-temperature
processing by changing the cooling rate. Such synthesis has
been reported for Dy,TiOs, where a sol—gel technique was
applied with various cooling rates.”””'

Recently, Zhang et al. reported the quenched hexagonal
phases of 0-Nd,TiO; and 0-La,TiO; following compression to
above 10 GPa and subsequent decompression.”” The
compounds undergo reconstructive phase transformations,
and the quenchable hexagonal phase is isomorphic with the
high-temperature polymorph of h-A,TiOs.”” The result
demonstrated that, in addition to temperature, pressure can
be used to “tune” the structure of materials in the A,TiO;
system. Despite the importance of A,TiOs materials in
engineering applications, there exists only one previous study
that investigated the effects of high pressure on orthorhombic
A,TiOg compounds (A = La, Nd).”> Here we conduct a

2270

systematic study of the high-pressure behavior of A,TiOg (A =
Dy, Gd, Er, Yb) compounds up to ~50 GPa. The family of
A,TiOj structure types has many applications, which makes the
study of their basic behavior at high pressure useful. By varying
the composition of the isostructural A,TiO; and the structure
of polymorphic A,TiOs, respectively, this investigation
constrains the effects of both chemical composition and initial
structure on the high-pressure phase behavior. Initial atomic
ordering under ambient conditions is characterized using
synchrotron-based X-ray total scattering and pair distribution
function analysis (X-ray PDF). In situ high-pressure responses
are determined by synchrotron X-ray diffraction (XRD) and
Raman spectroscopy. The recovered high-pressure phase is
additionally studied using transmission electron microscopy
(TEM). All materials exhibit irreversible phase transformations.
While the phase transition pressures are different, all of them
undergo a defect cotunnite-like phase (Pnma) over a range of
30—40 GPa. Cubic A,TiOg quenches in a metastable X-type
phase (Im3m), which is reported for the first time in A,TiOs-
type compositions.

B EXPERIMENTAL SECTION

Polycrystalline Gd,TiOs, Er,TiO;, and Yb,TiOg samples were
synthesized from well-mixed Ln,O; (99.9%) and TiO, (99.9%)
powders by solid-state reactions at high temperature. The powders
were compressed with a hand press (~15 MPa) without specific
orientation, after which they were sintered at 1200 °C for 24 h. To
further homogenize the reaction products, the pellets were reground
and heated at 1450 °C multiple times for 48—72 h. The orthorhombic
and hexagonal polymorphs of Dy,TiOs were prepared by heating at
1300 and 1500 °C for 12 h, respectively. The cooling rates were kept
at below 5 °C/min. The cubic Dy,TiOs sample was prepared by
pressing the powders into a 4 in. rod and melting in an image furnace
using optical float zoning.

The synthesized samples were characterized using X-ray total
scattering at beamline 11-ID-B of the Advanced Photon Source (APS),
Argonne National Laboratory (ANL). Polycrystalline powder samples
were packed into polyimide capillaries, which were sealed with epoxy.
An X-ray energy of 90.5 keV (4 = 0.137 A) was used. A large
amorphous silicon-based area detector was used to record two-
dimensional diffraction images, which were integrated using the
software Fit2D?® with a CeO, standard for calibration. The integrated
data were then used to generate the PDFs, G(r), using the software
PDFgetX2,* after the polyimide capillary background was subtracted.
Refinement of the PDF data was performed using PDFGUI, where a
Qiamp (the Gaussian dampening envelope accounting for limited Q
resolution) value of 0.04 and ¢ ratio (the reduction factor for PDF
peak widths accounting for correlated motion of bound atoms) of 0.8
were applied for all patterns. The PDF displays the interatomic
distance distribution (or probability of finding atomic pairs a distance r
apart) on the basis of Fourier transform techniques, suitable for
providing information on short-range local ordering.

High-pressure experiments were performed with symmetric
diamond anvil cells (DACs), each with a pair of 300 um culet
diamonds. Rhenium and tungsten gaskets were indented to a thickness
of ~25—30 pm, and a hole with a diameter of 100—120 ym was drilled
in the center to serve as a sample chamber. For in situ high pressure
measurements, fluid pressure media (ethanol methanol for Gd,TiO;
and silicone oil for all other samples) was used.”® For transmission
electron microscopy postanalysis, additional high-pressure experiments
were conducted using Ne gas as a pressure medium to minimize the
effects of residual silicone oil. Pressure in the DAC was determined
using ruby fluorescence method up to ~50 GPa, and the pressure was
increased at 2 GPa steps at room temperature.26 The system was
allowed to equilibrate for 5—10 min at each pressure point. The
pressure before and after the XRD measurements varied by less than 1
GPa for all samples studied.
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Pressure-induced structural changes were characterized with angle
dispersive XRD at beamline 16-BM-D of the Advanced Photon Source
(APS), Argonne National Laboratory (ANL). In contrast to PDF
analysis, which probes short-range ordering, XRD provides informa-
tion on long-range ordering and periodicity. Debye rings were
recorded with a Mar345 image plate detector, and the images were
integrated azimuthally using the software Dioptas.”” Rietveld refine-
ment was performed using the Fullprof suite.”** For all patterns,
backgrounds were fit with a sixth-order polynomial and the diffraction
peak profile was fitted with pseudo-Voigt functions. Atomic positions
and unit cell parameters were then refined. For volume changes as a
function of pressure, data were fit to an isothermal Birch—Murnaghan
equation of state using EosFit7-GUI’*®' to determine the bulk
modulus (B,) of each sample. The order of the Birch—Murnaghan
equation was chosen on the basis of the slope of normalized pressure
versus strain, taking into consideration the error bars. Because there
was almost no change in the normalized pressure as a function of
strain (B’ = 4), the second-order Birch—Murnaghan equation was
used. >

Samples from the DACs after decompression were further analyzed
using transmission electron microscopy (TEM). Samples quenched
from the highest pressure reached (~50 GPa) were dispersed on
holey-carbon-coated copper TEM grids. Images were collected using
an FEI Tecnai instrument operating at 200 kV in bright-field mode.
The diffraction images were then analyzed using Gatan Digital
Micrograph.

B RESULTS AND DISCUSSION

Structures under Ambient Conditions. Figure 2 displays
representative (a) X-ray atomic pair distribution function

(b) cubic
Fm3m
oo, | l 1
2 3 4| 5 6 7 8 9
cubic
Tio Fd-3m
—~| PY,110g
3 I T
8 | Er,TiO
o [T i sl L |
o 2 4 6 8 10 E 2 3 4 5 6 7 8 9
hexagonal o hexagonal
P6,/mmc = Dy.TiO P6,/mmc
2119
2 f4 6 8 10 8 9
i orthorhombic orthorhombic
i a Pnma
2 4

6 8 10 2 3 4 5 6 7 8 9

rA) 20 (deg.)

Figure 2. (a) X-ray PDF and (b) XRD of orthorhombic (blue),
hexagonal (red), pyrochlore (light green), and defect-fluorite (dark
green) A,TiO; at ambient pressure and temperature. Both PDF and
XRD data show well-crystalline A,TiOs phases. The difference in the
local bonding and ordering as shown in the PDFs is in agreement with
the long-range structures. All measurements were collected with an X-
ray energy of 90.5 keV (4 = 0.137 A).

(PDF) analysis and (b) X-ray power diffraction (XRD) of
A,TiOg compounds under ambient conditions, grouped into
three different structure types: orthorhombic (Dy,TiOys),
hexagonal (Dy,TiO;), and cubic (Dy,TiO;, Yb,TiO;, and
Er,TiO;). Patterns of the initial samples are highly crystalline
A,TiO; phases with no unreacted products or other impurity
phases. Lattice parameters from the refined XRD patterns are
reported in Table 1 and are in good agreement with previous
investigations,»1213343521,2036
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Table 1. Chemical Composition, Space Group, and Lattice
Parameters Refined from XRD Patterns for All
Compositions under Ambient Conditions

a, By volume,
a (A) b (A) c(A)  (deg) Vo (&%)
Yb,TiO; 5.08(3) 5.08(3) 5.08(3) 90 131.34(3)
(Fm3m)
Er,TiO; 10.14(4)  10.14(4)  10.14(4) 90 1043.92(6)
(Fd3m)
Dy, TiO, 1035(3)  1035(3)  1035(3) 90 1108.63(10)
(Fd3m)
Dy, TiO; 3.63(2)  3.63(2)  11.92(1) 90, 157.20(2)
(P6,/ 120
mmc)
Dy,TiO; 1038(1)  11.21(2) 3713) 90 431.66(2)
(Pnma)
Gd,TiO, 1027(6)  11.11(1)  3.68(2) 90 42021(2)
(Pnma)

In orthorhombic A,TiOg compounds, the A—O, A—A, and
Ti—O bond distances increase with increasing A-site cation
radius, evidenced by increases in PDF peak positions to higher r
(A) with lanthanide cation substitution (Figure 2a). The
increase in the bond distances is attributed to the increased
cationic size. The bond distance change is less pronounced in
cubic A,TiO5 compounds, most likely due to the symmetrical
constraints of the ordered-pyrochlore phase. Concurrent with
the increase in the bond distance of orthorhombic structures,
the amount of disorder decreases, denoted by the subtle
decrease in the full width at half-maximum of the
corresponding peaks. This is attributed to the increased cation
size mismatch, which is often accompanied by more strict
topological constraints (or less structural freedom) and
increased energetics of disordering. This trend is consistent
with the previous literature, which reported a decrease in
disorder with an increase in the A-site cation radius.”’ >’

Among the three phases, 0-A,TiOs exhibits the most
complex local structure, consistent with its lower symmetry.
The local structure of the h-Dy,TiOs resembles that of the
cubic phase more so than the orthorhombic phase, but it lacks
an A—Ti bond pair that appears at r(A) ~ 5.3 A (Figure 2a).
The absence of this peak in the h-Dy,TiOjg phase is attributed
to a partial cation disordering. In the long-range periodicity, the
difference in the p-type and df-type of the A,TiOs phases is
evidenced by the less intense supercell XRD diffraction maxima
indicative of the pyrochlore structure, such as those at 26 = 4.8,
12.1, 14.5° which are due to the (111), (133), and (155)
spacings, respectively (Figure 2b). The ordered-pyrochlore unit
cell also has a cell parameter, g, that is twice that of the fluorite
structure. The more intense diffraction maxima at 260 = 9.7
(222), 11.2 (004), 15.8 (044), 18.6° (226) are from fluorite-
substructure ordering.

A,TiO; at High Pressures. Selected XRD patterns of
A,TiOjg at various pressures are shown in Figure 3. All samples
exhibit three general changes with increasing pressure:
broadening of the diffraction maxima, disappearance and
appearance of peaks, and the growth of broad diffuse scattering
bands. Broadening of peaks can be attributed to the microstrain
caused by compression of particles in the system, which distorts
the atomic spacings near the contact points. Concurrent with
peak broadening is the disappearance of diffraction maxima and
the appearance of new maxima, indicating pressure-induced
phase transformations. For all samples, the phase trans-
formation is followed by partial amorphization, illustrated by
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Figure 3. XRD patterns of A,TiOjs as a function of pressure at ambient
temperature. All materials undergo sluggish reconstructive phase
transformations. A high-pressure cotunnite-like phase is observed for
all compositions. All patterns were collected in situ at high pressure.
Values to the right of each pattern are the pressures in GPa.
Wavelengths in A are shown at the bottom of each panel.

the growth of broad bands caused by diffuse scattering at higher
pressures.

High-Pressure Behavior of Orthorhombic A,TiOs. For o-
Dy,TiOg and 0-Gd,TiOj, the first phase transformation begins
with a superlattice formation at pressures below 10 GPa. An
enlarged figure of 0-Dy,TiO; and Gd,TiOj at lower 26 ranges,
highlighting the diffraction maxima of the superlattice, is
included Figure 4a. This first high-pressure phase in
orthorhombic samples is consistent with that observed in
isomorghous 0-Nd,TiO; and 0-La,TiOs, as reported by Zhang
et al,”* in which the superstructure phase was indexed as
P2,am.”* The refined XRD pattern of 0-Gd,TiOs in the present
study, indexed with P2,am, is shown in Figure 4b. According to
Zhang et al., this new superstructure has Ti coordinated to nine
oxygens, leading to a complete corner-shared TiOg polyhedral
framework. The local bonding of this superstructure remains
close to that of the precursor unit cell, except that the A-site
cations are rearranged on the a—b plane and the c axis increases

2272

(@) Dy,TiO, (Pnma) Gd,TiO, (Pnma)

* 9.0
* 7.0

3.8

Intensity (a.u.)

113

6

0.0

A =0.4066 A
3 4 5 6
26 (deg.)

A =0.4970 A

3456738
26 (deg.)

~

Y,

(b)

—— Yops-Y.

obs™ T cal

| Bragg peaks

P2,am |
a=10.335(3) A |
b=10.902(3) A
c=7.376(2) A |

o

Gd,TiO; superstructure
o

Intensity (a.u.)

I 0 T T PEUE I DE T DU OEOE IO 0RO 000 0O O O

A= 0.4066 A
18 20

14 16
20 (deg.)

Figure 4. (a) XRD patterns of 0-Dy,TiO; and 0-Gd,TiOs up to ~9
GPa, highlighting the Pnma to P2,am phase transformations. New
peaks from P2am are highlighted with red asterisks. Values to the
right of each pattern are pressures in GPa. (b) Refinement of an XRD
pattern collected from Gd,TiOj; pressurized to 7.0 GPa in a DAC. The
simulated pattern (black line) fits well with the experimental data (red
open circles). Bragg peak positions, represented by blue tick marks,
confirm a well-indexed P2,am phase of Gd,TiOs at 7.0 GPa.
Deviations between the simulated and experimental data are minimal
(blue line). The schematic diagram shows the structure simulated from
the refined data. The same result was found in Dy,TiO; at ~6.3 GPa.

to accommodate the corner-shared geometry.”> The indexed
unit cell parameters are a = 10.335 A, b = 10.902 A, and ¢ =
7.376 A.

Above ~13 GPa, a second high-pressure phase becomes
dominant in both 0-Dy,TiOs and 0-Gd,TiO;. This second
high-pressure phase is evidenced by an increase in the
scattering intensity of the (004) peak, lying between the
(201/230) and (031) diffraction maxima. The intensity of the
(004) peak is greater than that of the (201/230) diffraction
maxima at pressures above 33 and 44 GPa for 0-Dy,TiO; and o-
Gd,TiOs, respectively, indicating changes to the morphology.
Refinement of the unit cell parameters revealed an anisotropic
volume reduction, in which the ¢ axis of the unit cell decreases
at a faster rate than do the a4 and b axes with increasing
pressure. Reconstructive disordering is suspected to be
responsible for the changes in XRD intensity and can be
explained by the increase in the crystal face area along the a and
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b axes, while the corner-shared TiOjg polyhedra transition to
edge-sharing along the ¢ axis.

It is worth noting that the second high-pressure phase in o-
Dy,TiOs and 0-Gd,TiOg is different from that previously
observed in isomorphous 0-Nd,TiOg and 0-La,TiO5 by Zhang
et al.”” In the study of Zhang et al, a hexagonal phase (P6,/
mmc) was identified at pressures above ~8 and 12 GPa for o-
La,TiO5 and 0-Nd,TiOs, respectively.”> The different phase
transformation in this study compared with that of Zhang et al.
can be attributed to the difference in the A-site cation size.
While the average long-range periodicity in all three samples
appears to be the same, the larger A-site cations of Nd (r, =
098 A) and La (r, = 1.03 A) mean that these lanthanide
elements are more “stuffed” into the matrix, leading to
increased local atomic distances to accommodate the larger
As-site cations. This “stuffing” leads to an increased ordering,
which changes the phase transformation energetics and stability
at high pressures. A very recent computational study reported
that, as La replaces Dy, the Aj—O and A,—O bond lengths
increase by 1.16% and 1.19%, respectively.”” The contrasting
local structure of the 0-La,TiOj in comparison with 0-Dy,TiO;
and 0-Gd,TiO; under ambient conditions as analyzed by X-ray
PDF is shown in Figure S1 in the Supporting Information. As
observed in Figure S1a, the A—O bond of 0-La,TiO; appears at
a distance at least ~0.3 A farther away from those of 0-Dy,TiO;
and 0-Gd,TiO;, owing to the increased A-site cation size.
Indeed, the local ordering of the 0-La,TiOjs is very similar to
that of the h-Dy, TiO; (in comparison with the local ordering in
the orthorhombic structure) under ambient conditions. This
similarity in the short-range order of La,TiOs and Nd,TiOj; to a
hexagonal phase at ambient pressure may explain the decreased
activation energy barrier to the reconstructive transformation
into a closely related hexagonal symmetry at higher pressures.

High-Pressure Behavior of Cubic A,TiOs. As with the two-
stage phase transformations in 0-Dy,TiOs and 0-Gd,TiOs,
cubic A,TiO; exhibits two major polymorphic changes as a
function of pressure. The onset for the first high-pressure
transformation in cubic A,TiO; appears to resemble the second
high-pressure phase of 0-Dy,TiO5 and 0-Gd,TiOs: the growth
of a new peak between the (222) and (004) diffraction maxima
of the pyrochlore Fd3m structure (equivalent to (111) and
(002) of the Fm3m structure). This new high-pressure phase
appears at ~21 GPa for p-Dy,TiOs, p-Er,TiOs, and df-Yb,TiOs.
Unlike the case for the orthorhombic phase, however, the
intensity of this new peak does not outweigh the strongest
diffraction maxima of the cubic phases. This is attributed to the
stronger diffraction maxima of pyrochlore or defect-fluorite
peaks and/or the possible higher stability of the cubic A,TiOq
phases at a high-pressure range for which this phase is
accessible.

A similar XRD pattern has previously been attributed to a
defect-cotunnite-like phase and has been reported as a high-
pressure polymorph of closely related A,B,O,-type ternary
oxide compounds, as well as for single-cation AO, fluorite-
structured oxides.””** Even when the contents of the rare-
earth cation are increased relative to the A,B,O, composition,
such that it partially occupies the B-site, leading to vacancies in
the oxygen sublattice, the aliovalent solid solutions of A,TiO;
exhibit a similar phase evolution at high pressures. This high-
pressure phase is common and typical of lanthanide-bearing,
fluorite-derivative ternary comglex oxides and actinide-bearing
fluorite-structured oxides.™™* Large strains, disorder, and
random redistribution of cations and anions into solid solutions
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under pressure contribute to the broadening of the XRD peaks.
This broadening, combined with the presence of an amorphous
domain, makes it a challenge to conclusively refine the XRD.
First-principles calculations provide a more convincing argu-
ment by suggesting that the cotunnite phase has a lower
enthalpy in comparison to the defect-fluorite or the composi-
tionally equivalent amorphous phase, making it a more
energetically favorable candidate at high pressure.””**

A second high-pressure polymorph is evidenced by the
appearance of two new peaks: between the (113) and (044)
and between the (044) and (226) diffraction maxima for p-
Dy,TiOs and p-Er,TiOs at ~26 and 32 GPa, respectively, and
between the (002) and (022) and between the (022) and (113)
diffraction maxima for df-Yb,TiOjs at 28 GPa. For all samples,
the appearance of these new peaks is quickly followed by the
disappearance of the (044) diffraction maximum (or (022) in
df-Yb,TiO;) above 36 GPa. At higher pressures, the patterns
display large strain effects and some degree of amorphization,
hindering refinement of the XRD patterns. Because p-Er,TiOg
retained most of its sharp peaks at the highest pressure reached,
refinement was only attempted with p-Er,TiOs. The positions
of the diffraction maxima agree well with those of a cubic X-
type phase (Im3m), with unit cell parameter a = 4.115(3) A.
The phase is isostructural with the high-temperature phase in
Ln,O; sesquioxides.” Details of the phase are discussed in
Recovered Phases.

High-Pressure Behavior of Hexagonal A,TiOs. The high-
pressure phase transformation in h-Dy,TiOs begins with the
disappearance of the (103) peak at 21 GPa. Concurrent with
this peak disappearance is the growth of a new peak between
the (004) and (102) diffraction maxima at a pressure of ~24
GPa. This peak seems to be exempt from strain effects and
overlapping of the existing peaks and does not appear sharply
until ~28 GPa. At pressures above ~36 GPa, this high-pressure
phase becomes similar to the orthorhombic phase, suggesting
that it could also be a defect-cotunnite-like phase. As with the
orthorhombic phase, the superlattice (002) peak in hexagonal
Dy,TiO; remains even at the highest pressure reached (~5$
GPa), which indicates a sluggish pressure-induced phase
transformation from the hexagonal phase. The kinetically
inhibited phase transformation requires very high pressures to
overcome the larger energy barrier and causes a complete
conversion into a metastable cotunnite-like phase.

Bulk Moduli of A,TiOs. The pressures at which the phase
transformations begin (P,,..) and complete (Pcompletion) are
given in Table 2, which summarizes the experimental results.
Note that, for materials going through two-stage phase
transformations, only P, . values of the disordered cotunn-
ite-like phase are reported. In this study, there is no strong
correlation between the onset of the high-pressure phase
transition and the sample density. However, between the two p-
A,TiOs, for which the same pressure medium and experimental
conditions were applied, the onset of the phase transition point
is higher in p-Dy,TiO; in comparison with p-Er,TiOs. The
increased propensity to transform into a cotunnite phase in
pyrochlore materials with higher r, value (Dy 0.91 vs Er 0.89
A) is in agreement with previous literature.”® The differing
stability ranges of the pyrochlore phases with different r,/ry
values have been attributed to differences in their disordering
energy. Substitution of a larger A-site cation increases the
formation energy of anion Frenkel pairs and cation antisite
defects, both of which are necessary for the phase trans-
formation to occur, leading to an increased pressure transition
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Table 2. Chemical Composition, A-Site Cationic Radius (r,)
under Ambient Conditions (A), Space Group before
Pressurization, Onset of High-Pressure Phase
Transformation to a Cotunnite-Like Phase (P, in GPa),
Transformation Completion Pressure (Pmmpleﬁ(m in GPa),
Bulk Modulus (B, in GPa), and Calculated Density (g/cm?®)
under Ambient Conditions”

space
compound A group P Pampisom B, density
Dy,TiO; 091  Puma 132 325 1759(7) 695
Gd,TiO; 093  Pnma 150 296 2360(4) 6.62
Dy,TiO; 091  Fd3m 29 337 221.5(10) 730
EnTiO; 089  Ed3m 206 36 2286(13)  7.39
Yb,TiO; 085  Fm3m 219 37 367.2(9) 7.96
Dy,TiO; 091  P6y/mmc 211 34 2185(6)  6.32

“For By, the values in parentheses refer to the 1o uncertainty in the last
given digit. For 0-Dy,TiOs and 0-Gd,TiOyg, P, values noted here are
for when a cotunnite-like phase is seen.

point. While this observation was only reported for A,Ti,0,-
and A,Zr,0,-type pyrochlore compounds, this study demon-
strates that the trend is consistent for A,TiOg materials of
related structures.

The pressure dependence of the unit cell volume on pressure
for all samples are plotted in Figure 5. All data are fitted using a

1.00
0.95 - ¥ |defect-fluorite
i pyrochlore
o hexagonal
§ 0.90
N
® Dy,TiO, (Pnma)
0 Gd,TiO, (Pnma)
0.851m Dy, TiO, (Fd-3m) .
® Er,TiO, (Fd-3m) { orthorhombic
mYb,TiO, (Fm-3m)
# Dy, TiO, (P6,/mmc)
0.80 T . : .
0 5 10 15 20

Pressure (GPa)

Figure S. Pressure—volume relationships for A,TiO; materials.
Volumes are derived from Rietveld refinement of high-pressure XRD
data. Error bars are obtained from the positional variation in the
diffraction maxima. All data were fit to the second-order Birch—
Murnaghan equation of state. Compressibility curves indicate that o-
A,TiOg phases (Pnma) are noticeably more compressible than the
cubic A,TiOg and h-A,TiOg (P6;/mmc).

second-order Birch—Murnaghan equation of state only up to
~15—20 GPa to avoid the effects of structural distortions”" and
nonhydrostaticity of the pressure media.”> The calculated bulk
moduli are given in Table 2. A systematic comparison of the
bulk moduli indicates that 0-A,TiOs (Pnma) phases are the
most compressible, while df-Yb,TiOjs is the least compressible.
The volume changes of p- and h-A,TiOj are very similar and lie
between those of o- and df-A,TiOs.

4. Recovered Phases. XRD patterns of the pristine (black
lower lines) and quenched (red upper lines) samples are shown
in Figure 6. The only sample that partially recovers its initial
structure upon pressure release is df-Yb,TiOs (Fm3m).
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Figure 6. XRD patterns of precompression ambient pressure (black
lines) and postcompression quenched (red lines) phases of all samples
studied. All patterns were normalized to the same maximum intensity.
Red arrows for the p-Er,TiO;s panel indicate the two new peaks
characteristic of the X-type Im3m phase.

Although the amorphous domains are retained upon
quenching, diffraction maxima representative of the defect-
fluorite structure reappear under ambient conditions. For all
other samples, the broad peaks of the high-pressure phase
remain, indicating that the phase transformation is reconstruc-
tive and irreversible and that some fraction of the high-pressure
phase is recoverable to ambient conditions.

In 0-A,TiOs, the quenched phase contains a fraction of the
high-pressure disordered cotunnite-type phase. Although
amorphous domains are present, the positions of the diffraction
maxima are consistent with those of the high-pressure
cotunnite phase. Similar results are observed upon pressure
release for h-Dy,TiOs. However, in the case of h-Dy,TiOs, the
incomplete transformation of the (002) peak remains (red
asterisk in Figure 6), once again highlighting the kinetic
constraints in h-Dy,TiOs.

An interesting quenched phase appears in cubic A,TiOs,
where the X-type high-pressure phase is stabilized to ambient
conditions. In addition to the XRD refinement, ex situ analysis
of the quenched sample using bright-field TEM was performed
(Figure 7). As seen in the fast Fourier transformation (FFT)
images next to Figure 7a, the quenched phase of p-Er,TiOg
exhibits a mixture of crystalline and amorphous domains. Both
X-ray (Figure 6) and electron (Figure 7b) diffraction from the
recovered sample agree well with the Im3m phase, further
confirming the stabilization of the metastable X-type phase.
The formation of this X-type phase is most likely possible due
to the cationic radius ratio of this composition. With a
decreased r, value of cubic Er,TiOs, relative to the other
compositions studied, the high-pressure cotunnite phase is
energetically unfavorable, and the high bond strength and
structural rigidity of the compound prevent full amorphization.
The material then slowly transforms into a nonequilibrium X-
type phase and retains this structure upon pressure release. The
stabilization of this phase under ambient conditions is
particularly interesting due to its characteristic high ionic
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FFT: amorphous domain

—— 10.0 1/nm

Figure 7. (a) Bright-field TEM image of p-Er,TiO; quenched from ~50 GPa. Insets 1 and 2 show both the crystalline and amorphous domains of
quenched p-Er,TiO;. (b) Electron diffraction image of quenched p-Er,TiOs.

conductivity, caused by the low occupancy of its anion
sublattice resulting in high oxygen diffusion.”>>> This phase
was first observed as a nonrecoverable high-temperature
polymorph of Ln,03.* Later, Lang et al. reported the same
structure in Gd,Zr,0, subjected to simultaneous irradiation
with swift heavy ions at a pressure of ~40 GPa.>* Tracy et al.
produced the same structure from irradiation of Ln,O; (Ln =
Tm, Lu) sesquioxides with ions of comparable energy.”” This
X-type phase exhibits a body-centered-cubic cation sublattice,
with lanthanides in the 2a position, along with a highly
disordered, low-occupancy anion sublattice rich in constitu-
tional vacancies.”® To the author’s knowledge, this is the first
reported observation of a pressure-induced X-type phase in
complex oxides of the A;O;—BO, series. Thus, alongside swift
heavy ion irradiation and the combined effects of ion irradiation
and pressure, this study shows that pressure alone can form this
unique structure when the optimal composition and precursor
structure are selected.

B CONCLUSIONS

The structural evolution of A,TiOs compounds at high
pressures was investigated. All samples underwent reconstruc-
tive phase transformations, and a summary of the high-pressure
phase transformation pathways is illustrated in Figure 8. The
stages of the phase transformation process and the onset
pressure of high-pressure phase formation are different for
different samples, depending on the initial structures. However,

increasing pressure quenched

~
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h-Dy,TiO; > Pnma -» Pnma = Pnma
+ P63/mmc P234 GPa
P221GPa

Figure 8. Summary of the high-pressure phase transformations in
A,TiOs.
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all samples reach a defect cotunnite-like phase at a certain range
of pressure. The high-pressure phase transformation to the
disordered cotunnite-like phase of A,TiOj is in agreement with
the previously reported high-pressure phase of structurally and
compositionally related A,B,0, compounds, for which B = Tj,
Zr, HEP 475950 We demonstrate, for the first time, the
formation of a pressure-induced X-type phase in p-Er,TiO,
which can be partially recovered to ambient conditions. This X-
type phase exhibits both anion sublattice disordering and cation
sublattice disordering. The combination of such disordering
implies high oxygen mobility and thermomechanical stability,
making the material a desirable candidate as an electrolyte in
solid oxide fuel cells. Overall, the potential implications
resulting from fundamental scientific insights produced in this
work are 2-fold: they provide an improved understanding of
A,TiOy structure-type performance in extreme environments,
enabling material design to better withstand these environ-
ments, and they illustrate a possible means of synthesizing new,
functional materials with unique properties.
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