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Reduced Pyrochlores

New Oxidation States and Defect Chemistry in the
Pyrochlore Structure**

Giles D. Blundred, Craig A. Bridges, and
Matthew J. Rosseinsky*

The introduction of anion vacancies into complex metal
oxides is a powerful method of controlling structure and
properties by tailoring metal coordination environment and
oxidation state. The hydride anion can effect reductive
transformations of oxides inaccessible to conventional metal
getters or gaseous reducing agents.! The A,B,0; pyrochlore
structure!” is important for properties as diverse as anion and
mixed conduction,” superconductivity,”! and colossal mag-
netoresistance,”’ but, in contrast to ABO; perovskite, there is
little chemistry established for the low-temperature introduc-
tion of anion vacancies and generation of associated defect
structures. Pyrochlore is well known for stabilizing high
oxidation states on the octahedral B site; A"/BY and A"/B"Y
compositions are well established, and pyrochlores with mean
B site oxidation states of less than +4 are rare (the Y™/Ti"
pyrochlore-related YTiO,; prepared at 2800°C is the sole
examplel®). Here we report the systematic low-temperature
synthesis of pyrochlore systems with up to 90 % titanium(ir)
on the octahedral sites.
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The A,B,0,0" pyrochlore structure (Figure1a) is a
corner-sharing network of BOy octahedra with large 110
tunnels intersecting at the 8b positions (space group Fd3m)
occupied by the O’ oxygen atoms. The A cations are eight-
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Figure 1. a) The BOg (gray octahedra) and A,O’ sublattices (A white
spheres, O’ black spheres), showing the two independent oxygen net-
works in the pyrochlore structure. b) Position of the Ti X-ray absorption
K-edge (black circles) in Lu,Ti,O,_, as a function of reaction tempera-
ture with CaH,. The open circle marks the edge position in LuTiOs.
The inset shows data for the sample reduced at 600°C (y=0.9).

coordinate (2 O’ and 6 O anions). The structure can also be
described as an anion-deficient, vacancy-ordered fluorite, in
which the 8a anion sites at the centroids of tetrahedra of 16c B
sites are vacant. This defect ordering renders the B sites
octahedral, while the tetrahedral connectivity of both A and
B sublattices gives rise to strong geometrical frustration!”’ of
antiferromagnetic ordering, manifested in the unusual mag-
netism of the rare earth A3* sublattice in Ln,Ti,O,® and of
the B site cations in materials such as NH,Fe,F/*!” and
Y,Mn,O,."! This makes the introduction of localized 3d S = /4
spins on the B sublattice an important synthetic task.

The Ti" pyrochlores Ln,Ti,O, are not reduced by hydro-
gen gas at 1200°C. Reaction with metal hydride (LiH, CaH,)
reducing agents below 700°C, however, affords intensely
black material which retains the pyrochlore structure: the
absence of h=4n, k=4n, [=2n reflections shows that the
cations remain on the 16¢ and 16d sites."”

The reactivity of Ln,Ti,O, with CaH, is sensitively
controlled by the size of the Ln™ cation. Sm,Ti,O, and
Eu,Ti,O, form the titanium(in) perovskites SmTiO; and
EuTiO; at 600°C, but smaller lanthanides afford reduced
pyrochlores. The lowest Ti oxidation states are accessible with
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Lu and Yb. X-ray absorption spectroscopy demonstrates
reduction at the Ti rather than the lanthanide site in both
Yb,Ti,0; and Lu,Ti,0,, as the lanthanide Ly; edge positions
remain unchanged in the reduced materials. The extent of
reduction varies with reaction temperature, and reaction at
above 600°C affords the 90 % titanium(i11) phase Lu,Ti,Og .
It remains to be established whether single-phase materials
with continuously varying oxygen content over the entire
oxidation state range between titanium(ii) and titanium(v)
can be prepared. Figure 1b shows the evolution of the Ti K-
edge from 4982.2 eV in the titanium(1v) starting material to
4976.6 eV in Lu,Ti,Oq ;o reduced at 600 °C, comparable to the
edge position in the titanium(ir) phase LuTiO;. Transmission
electron micrographs revealed that crystallinity is retained
during reaction without the formation of amorphous material,
and EDX analysis demonstrated that Ca is not included into
the pyrochlore crystallites during the reaction.

Reaction of Yb,Ti,O,; with one equivalent of CaH, at
600°C followed by washing with 0.1m NH,CIl in methanol
under nitrogen to remove CaO affords Yb,Ti,Og4s, which is
single-phase to synchrotron X-ray powder diffraction (Fig-
ure 2b). Refinement of neutron powder diffraction data from
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Figure 2. a) Rietveld refinement of powder neutron diffraction data
from Yb,Ti,O¢4; (POLARIS diffractometer, ISIS. y*=1.18, Rup=2.21%;

R(F?) =6.50, R(F) =4.04%). b) Rietveld fit to the 222 reflection from
Yb,Ti,O¢.43 (station 9.1, Daresbury SRS, ¥*=1.10)

Yb,Ti,Og,s (Figure 2a) revealed preferential loss of anions
from the O (83 % occupancy) rather than the O’ network and
the presence of 3.3 % antisite disorder of Yb and Ti that was
not present in the starting material. Electron diffraction
showed that the anion vacancies remain disordered over
shorter length scales than those probed by X-ray and neutron
diffraction. The 8a anion site, vacant in the parent structure, is
partially occupied. The extent of antisite disorder and
associated structural relaxation is more pronounced in the

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

3647


http://www.angewandte.de

Zuschriften

3648

Lu,Ti,0O4,, phases prepared under the same conditions, and so
the structure of these materials was considered in more detail.

Lu,Ti,04451) (Table 1; see Supporting Information) has
6.7(6) % antisite disorder between the two cation sublattices,

Table 1: Refined coordinates for Lu,Ti,Og 431"

mean coordination number of 5.1 of the octahedral B site by
02, determined by its refined occupancy, is then assigned as
15% of Ti sites fourfold-coordinated by O2 in the above-
mentioned trigonal bipyramids involving the O3 defect, 25 %
six-coordinate (valence sum +3.9),
and 60% five-coordinate (valence

sum 4+ 3.3), that is, three distinct Ti

X Y z Usqu [A7] Site occupancy o hvironments with a mean valence
Til/Lu2® 16¢ 0.000000 0.000000 0.000000 0.0089 0.934(6) sum of +3.39 close to that expected
Lu1/Ti2® 16d 0.500000 0.500000 0.500000 0.023 0.934(6) from the TGA-derived composi-
01 8b 0.375000 0.375000 0.375000 0.014 0.912(17) o
02 48f 0.3370(2) 0.125000 0.125000 0.028 0.849(12) .
03 32¢ ~0.396(3) 0.1464(30)  —03964(30)  0.05(1) 0.045 (4) The displacement of O3 from
04 48f _0.424(6)  —0.125000 ~0.125000 0.05(1) 0.041(4) the center of the 8a site occurs to

shorten the Ti—O distance to less

[a] a=10.01728(21) A, space group Fd3m. [b] Site occupancies were refined such that the antisite (Lu2,
Ti2) and (Lul, Ti1) main sublattice occupancies at each site summed to 1.00. The number quoted is the
main sublattice occupancy. Anisotropic displacement parameters for the bulk sites are listed in the

Supporting Information

85(1) % O48f (02 in Table 1) and 91(2) % O’ (O1) occupancy
of the original oxygen positions, and two new defect anion
positions. Scattering density in the vicinity of the 8a sites
(equivalent to 20% of an oxide anion) corresponds to
occupancy of the 32e O3 site tetrahedrally disposed around
the 8a center. The 8a site is vacant in the parent pyrochlore
structure and coordinates only to the octahedral B sublattice
array. The second defect O4is 0.8 A from the bulk 48f O2 site.

The O3 oxygen defect is coordinated to Ti and locally
controls occupancy of the O2 48f site. The O3 site is displaced
from the 8a site towards the center of one of the triangular
faces of the B, tetrahedron of neighboring Ti sites, creating
one long and three shorter Ti—O3 contacts (Figure 3a).

The shorter Ti—O3 distance of 2.075 A corresponds to the
defect anion being located 1.94 A from two of the bulk O2 48f
sites, and this requires that in the vicinity of the 8a defect
these two sites must be vacant (Figure 3b). This means that
these 15% of the Ti sites have only four O2 neighbors that
produce a five-coordinate distorted trigonal-bipyramidal
environment around the Ti center with a valence sum of
+2.92, consistent with occupancy of this site by Ti"". The

a) b)

than 2.168 A. The Lu2 cations occu-
pying the Ti sublattice due to the
antisite disorder correspond to the
longer (2.54(5) A) Ti—O3 contacts.
The distorted cubic environment
(Figure 3c) is completed by six Lu2—04 contacts of
2.48(5) A to the O48f-related O4 defect anion. The calculated
valence sum of +2.3 indicates underbonding and further
local relaxation of the anions associated with this site. The Ti2
cations occupying the Lu sublattice correspond to absent O’
anions and are octahedrally coordinated by six O4 anions at
1.93(3) A, with a valence sum of +4.4. The imperfect
quantitative description of the bonding at both antisite
cation defects can be associated with the use of only one
position to describe the defect anion sites.

Removal of oxygen from A,B,040’ pyrochlore poses the
question of whether vacancies will be formed on the
structurally distinct O or O’ sublattices. Anion-deficient
pyrochlores containing lone-pair cations such as Pb" lose
anions from the O’ site (e.g., Pb,Ru,045),[* whereas isovalent
B site disorder in Ln,Ti, ,Zr,O, favors anion transfer from
the O 48f to the 8a sites,' consistent with modeling.™> In
Ln,Ti,04,, oxygen vacancies are formed on the O sublattice,
as reduction occurs solely at the Ti centers which are not
bound to O'. The cation antisite disorder reflects the move-
ment of O2 in response to reduction of the B cation. This

)
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Figure 3. Anion defects and cation coordination in Lu,Ti,Oq,;. Distances and angles are given in the Supporting Information. a) The O3 oxygen
atom on the 32e site (blue spheres) is displaced from the center of the 8a site (yellow sphere), which is vacant in the perfect parent pyrochlore
structure. b) The O3 site is only occupied at Ti sites where two O2 sites (marked as yellow spheres linked by short yellow contacts of 1.94 A;
these are the 48f anion positions in the parent structure) are vacant, producing a five coordinate site. The green contact indicates the closest
remaining 03—02 distance of 2.37 A, acceptably close to the 2.56 A 02—02 contacts in view of the 0.1 A rms anion displacement ellipsoids.

c) The distorted cubic arrangement of O3 (blue) and O4 anions around the Lu antisite cations on the octahedral Ti sublattice.
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lengthens the B—O2 and shortens the A—O2 bonds, and this
opens up the possibility of antisite disorder of the lanthanide
and titanium cations, the smaller Lu'™ giving more extensive
disorder. The occupation of the O3 defect site is a disordering
of the parent pyrochlore (where differentiation between the
A and B sites arises from ordering of the anion vacancies onto
the 8a site that is now partially occupied) towards the fluorite
structure, as observed for lanthanide zirconates which adopt
both ordered (pyrochlore) and disordered (fluorite) struc-
tures.['®!

A strong motivation for preparing titanium(i) pyro-
chlores is to study the behavior of S=1/2 centers on the
geometrically frustrated B site pyrochlore lattice (synthetic
procedures which minimize the antisite disorder are required
if materials of this class are to be genuine model systems); the
3d electrons introduced at the Ti' sites are localized, as
evidenced by the persistence of the Ti—O phonons in the IR
transmission spectra of the reduced materials. Magnetization
measurements (Figure 4) indicate that the localized spins at
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Figure 4. Magnetic susceptibility at 1.5 T and Curie-Weiss fit (inset)
for Lu,Ti,Og .

the Ti centers are strongly coupled antiferromagnetically:
Curie—Weiss fits to Lu,Ti,Oq,, (x=0.1, 0.5) are both only
valid at high temperature and give moments at the Ti sites
that are lower than expected (1.12(1) ug per Ti (x=0.1),
0.88(3) ug per Ti (x=0.5), compared with predicted 1.64 ug
and 1.23 uz) with Weiss constants of —173(6) K and
—227(17) K. The moment suppression is qualitatively consis-
tent with strong antiferromagnetic coupling between the Ti
centers that is geometrically frustrated (the tetrahedral
plaquette is shown in Figure 3a) against long-range order by
the tetrahedral geometry of the B sublattice (no additional
magnetic Bragg peaks are observed in neutron diffraction at
5K from the Lu or Yb phases discussed above). This
motivates further detailed studies of the electronic properties
of this new class of defect pyrochlore by muon spin relaxation
(uSR) and neutron scattering.
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